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The disposal of waste from agricultural activities has been recognised as a source
of environmental contamination by endocrine disrupting chemicals (EDCs). The New
Zealand dairy industry produces a large volume of dairy farm effluent, which contains
EDCs in the form of estrogens. Most of this dairy farm effluent is applied onto the land for
disposal. Groundwater and soil contamination by estrogens following waste application
on the land have been reported overseas, but our understanding of the processes and
factors governing the fate of estrogens in the soil is poor. Therefore the main goal of the
present study was to better understand the fate and transport of estrogens, in particular
17β -estradiol (E2) and estrone (E1) in soil.
In order to quantify E1 and E2 in drainage water and soil samples, chemical analysis
by gas-chromatography mass-spectrometry (GC-MS) was carried out. This included
sample extraction, sample clean-up through silica gel and gel permeation chromatography,
and sample extract derivatisation prior to analysis. In order to develop a reliable method
to extract estrogens from soil, research was conducted to optimise E1 and E2 extraction
conditions by adjusting the number of sonication and shaking events, as well as the volume
and type of solvent. Among five solvents and solvent mixtures tested, the best recovery on
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spiked and aged soil was obtained using an isopropanol/water (1:1) mix.
A microcosm experiment was carried out to determine the dissipation rates of 17β -
estradiol and estrone, at 8oC and at field capacity, in the Templeton soil sampled at two
different depths (5-10 cm and 30-35 cm). The dissipation rates decreased with time and
half-life values of 0.6-0.8 d for E1 and 0.3-0.4 d for E2 were found for the two depths
studied.
A field transport experiment was also carried out in winter, over three months, by
applying dairy farm effluent spiked with estrogens onto undisturbed Templeton soil
lysimeters (50 cm in diameter and 70 cm deep). The hormones were applied in dairy
farm effluent at 120 mg m−2 for E2 and 137 mg m−2 for E1. The results of the transport
experiment showed that in the presence of preferential/macropore flow pathways 0.3-0.7%
of E2 and 8-13% of E1 was recovered in the leachate at the bottom of the lysimeters
after 3 months, and 1-7% of the recovered E2 and 3-54% of the recovered E1 was
leached within 2 days of application. These results suggest that leaching of estrogens via
preferential/macropore flow pathways is the greatest concern for groundwater contam-
ination. In the absence of preferential/macropore flow pathways, a significant amount
(> 99.94%) of both hormones dissipated in the top 70 cm of soil, due to sorption and
rapid biodegradation. Surprisingly, in all cases, estrogen breakthrough occurred before
that of an inert tracer (bromide). This could not be explained by the advection-dispersion
transport of estrogens, nor by their presence as antecedent concentrations in the soil. It
was therefore suggested that colloidal enhanced transport of estrogens was responsible for
the earlier breakthrough of estrogens and caused the leaching of a fraction of the applied
estrogens to a soil depth of 70 cm.
A two-phase model, adapted from a state-space mixing cell model, was built to
describe the observed estrogen transport processes under transient flow. The model takes
into account 3 transport processes namely, advection-dispersion, preferential/macropore
flow and colloidal enhanced transport. This model was able to successfully describe the
iv Abstract
estrogen transport observed from the lysimeters.
Keywords: Colloidal enhanced transport, contaminant transport, endocrine disrupt-
ing chemicals (EDCs), 17β -estradiol, estrogen dissipation, estrone, clean-up steps, gas-
chromatography mass-spectrometry (GC-MS), isopropanol/water, lysimeter, Templeton
soil, preferential/macropore flow, modelling, sonication extraction, state-space mixing cell
model, trace analysis, transient flow.
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Chapter 1
General Introduction
1.1 Context
1.1.1 Estrogens and endocrine disrupting chemicals
Endocrine disrupting chemicals (EDCs) are exogenous substances or mixtures that can
interfere with the endocrine system in an organism, in its progeny or at the population level
[46, 40]. A variety of chemicals are considered as EDCs, including natural exogenous
estrogenic hormones and xeno-estrogens like pesticides, pharmaceuticals, plastics and
cosmetics [34, 209]. Estrogenic hormones, or estrogens, are a group of steroid hormones
predominantly responsible for typical female sexual characteristics, but are also important
in males [129]. Endogenous estrogens are excreted in the urine, bile or faeces and, once
eliminated by the body, are considered as exogenous estrogens. Among the naturally
occurring estrogens, 17β -estradiol (E2) and estrone (E1) are of major concern, because
they exert their endocrine disrupting effect at lower concentrations than most other steroids
and xeno-estrogens, and are detected in the environment at concentrations above their
lowest observable endocrine disrupting effect level. The structure of 17β -estradiol and
estrone is presented in Figure 1.1 and selected properties of these two hormones are shown
in Table 1.1.
EDCs are powerful disrupters of cell function [162]. Most EDCs mimic endogenous
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Figure 1.1: Chemical structure of 17β -estradiol (E2) and estrone (E1)
estrogens and either activate the estrogen receptors (agonists), interfere with the binding
of endogenous estrogens to the receptors (antagonists), produce cellular responses that are
opposite to the response produced by an endogenous estrogen (inverse agonists) or disrupt
normal endocrine functions by acting on other signalling systems in the hypothalamus,
pituitary, or peripheral targets [162]. The potential and known impacts of estrogen mimics
on wildlife and humans are various and numerous in both male and female individuals
[39, 224, 229]. Exposure to an estrogen mimic during early development can lead to
permanent defects or dysfunctions of organs, while in a mature organism, estrogen
mimics stimulate or inhibit organ functions, but these effects are usually reversible [154].
Aquatic organisms (e.g. fish, molluscs, crustaceans, amphibians) are the most affected
by environmental water contamination with EDCs, because of their potential life-long
exposure in water [156, 102, 110, 150]. The most obvious impacts of estrogen mimics
in aquatic organisms affect reproduction functions and include reduced fertility in both
male and female, reduced fecundity, change in mating behaviours, partial sex reversal and
skewed population sex ratios [49, 111, 157, 179]. There is concern that in contaminated
aquatic environments the continuous presence of EDCs affects not only individuals, but
whole populations and ecosystems [34, 80].
The adverse effects of estrogen mimics on terrestrial animals have been observed in the
environment and investigated in laboratory experiments [73, 98]. It was observed that ex-
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Table 1.1: Selected properties of 17β -estradiol and estrone. a17β -estradiol equivalency factor
17β -estradiol (E2) Estrone (E1) References
Molecular formula C18H24O2 C18H22O2 [83, 247]
Molecular weight [g mol−1] 272.4 270.4 [83, 125, 247]
Water solubility [mg l−1] 3.1-13.3 0.8-12.4 [83, 125, 247]
log Kow 3.1-4.0 3.1-3.4 [97, 125, 239, 243]
pKa 10.2-10.7 10.3-10.8 [83, 247, 243]
Vapor pressure [Pa] 3·10−8 3·10−8 [127, 125]
Relative estrogenic potency [EEF]a 1.0 0.02-0.3 [173, 55, 246]
posure during early development can affect reproductive and brain functions in terrestrial
animals, including humans [21, 78, 158, 166, 248]. Moreover, the carcinogenic/mutagenic
effects of estrogen mimics have been demonstrated in mammalian cells [53, 223] and a
link between EDCs exposure and breast or prostate cancer has been suggested [47, 95].
However the link between pathologies or abnormalities observed in humans or terrestrial
animals and exposure to EDCs in a natural environment is not yet fully understood
[126]. The two main suspected routes of exposure to EDCs for terrestrial animals and
humans are through dermal exposure and food [62, 88]. Bioaccumulation of E2 and
E1 has been reported for earthworm [148] and aquatic organisms [75, 149], through
diet or dermal exposure, but their biomagnification in the food-chain has not yet been
established [127, 130], unlike for other EDCs. However, impaired ovarian function, often
accompanied by reduced conception rates and increased embryonic loss was observed in
cows and ewes fed with forage containing significant level of phytoestrogens [9]. It was
discovered that the fertility of the cattle feeding on a legume (alfalfa) irrigated with sewage
water may be threatened, following an increase of the phytoestrogen level in the plants,
probably triggered by the presence of estrone and 17β -estradiol in the sewage water [203].
Other effects of estrogen mimics on plants [68, 202] and between plants and soil bacteria
have also been observed [64].
The threshold level of E2 and E1 above which endocrine disrupting effects on aquatic
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organisms are observed, for a number of different endpoints, is in the range 1-100 ng l−1
depending on the species and life-stage [85, 114, 156, 221, 246]. Those estimations
are also made difficult because estrogens have non-monotonic dose response curves and
can thus be considered safe when tested at medium doses, but have damaging effects
at lower doses or, on the contrary, a linear extrapolation might exaggerate health risks
[40, 234]. There is strong evidence of the capacity for a mixture of estrogenic chemicals
to act in combination, even when the individual components of the mixture are present at
concentrations too low to show any statistically detectable effects. This has become known
as the “something from nothing” phenomenon [206]. Moreover the total estrogenicity of
a mixture depends on the total load of estrogenic and anti-estrogenic contaminants [43].
Based on available data, the U.K. Environment Agency has derived a predicted-no-effect-
concentration (PNEC) for 17β -estradiol of 1 ng l−1 and for estrone of 3 ng l−1 [7]. In
order to protect aquatic life, recognising that estrogens are unlikely to occur in isolation, a
maximum combined PNEC for total estrogens of 1 ng l−1 estradiol equivalents (EEQ) was
defined, which took into account the relative potency of each estrogen and their additive
effects [246]. Natural estrogens in the environment are of concern mainly because they
affect organisms at extremely low concentrations and because they are continuously added
to the environment [80].
1.1.2 Concentrations in the environment and sources of contamina-
tion
Following an intensive screening for EDCs in the environment, estrone and 17β -estradiol
were found all over the world in fresh water and marine ecosystems, sometimes at
concentrations of concern [246]. In European surface waters, typical levels of E2 and E1
were generally below 5 ng l−1, and often less than 1 ng l−1, but concentrations of E1 up
to 14 ng l−1 and of E2 up to 25 ng l−1 have been recorded [114]. An extensive study by
the U.S. Geological Survey reported detectable levels of estrogens in 7 to 10% of the 139
streams monitored, with maximum and median concentrations in the positive samples of
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112 ng l−1 and 27 ng l−1 for E1 and of 93 ng l−1 and 9 ng l−1 for E2 [121]. In central China
estrone concentrations of 2-3 ng l−1 was measured in a third of the six lakes and rivers
investigated [242]. Following the screening of 109 Japanese rivers during the summer, E2
was found in 87% of the samples with a mean concentration of 2.1 ng l−1 and maximum
of 27 ng l−1 [218] and in another Japanese river receiving treated effluent, E1 was found
to range between 17 to 108 ng l−1 [65]. It was observed that E1 and E2 concentrations
declined by half from their maximum values (c. 5 ng l−1) over a 25 km stretch along a
river, suggesting that these hormones can be transported over considerable distances from
the source of pollution [15]. Detection of estrogens in marine ecosystems is more difficult
because of the greater dilution effect. However E1 was measured up to a concentration
of 10 ng l−1 in the Scheldt estuary in the Netherlands [161] and E2 contributed to most
of the estrogenicity (25 ng l−1 EEQ) measured in the Venice lagoon [176]. Moreover E2
and E1 sorbed onto fresh water and sea water sediments have been often detected up to a
concentration of 10 ng g−1 E2 equivalent [219, 104, 165, 170, 208, 220]. The European
Commission stated that considering the level detected in surface waters and sediments
around the world, both estrone and 17β -estradiol apparently present in many cases a threat
to aquatic organisms in terms of endocrine disrupting effects [114].
Following the discovery of significant concentrations of estrogens in waters throughout
the world, there was a need to identify the sources of estrogens in the environment [205].
Both human and animal waste were identified as potential sources of environmental
estrogen contamination. The final effluents of sewage treatment plants (STPs) contain
concentrations of E2 up to 88 ng l−1, but typically in the range 1-10 ng l−1 and of E1 up to
220 ng l−1, but typically in the range 5-20 ng l−1 throughout Europe [112, 114, 17, 49, 246]
and Canada [198]. In Queensland, Australia, the estrogenicity associated with the final
STP effluents (n=13) were in the lower range < 1-4 ng l−1 EEQ [137]. First reported in
1994, Purdom et al. [179] recorded the occurrence of hermaphrodite fish in the lagoons
of sewage treatment works. Since then many papers have reported the endocrine disrupt-
ing potency of sewage treatment plant effluents, leading to histological abnormalities,
morphological changes and even total inhibition of spermatogenesis in fish exposed to
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STP effluent [51, 179, 87, 225]. Because of their estrogenic potency, among the different
EDCs found in sewage effluents, E2 and E1 are likely to play a major role in causing the
widespread endocrine disruption in wild fish populations in rivers contaminated by treated
sewage effluents [111]. It was also observed that the effluent of aquaculture operations
and spawning fish can contain similar concentrations of estrone as in STP effluents [120].
Livestock waste is potentially another important source of estrogens in the envi-
ronment. The total daily estrogen excretion by farm animals was estimated to be an
average per head of 109-990 mg for cattle (bull, pregnant and cycling cows), 44-840 mg
for pigs, 9 mg for sheep and 0.3-2.3 mg for chicken [128, 83]. Each species excretes
different amounts of each estrogen and in different proportions in urine or faeces
[128, 83, 143]. Cattle excretes mainly 17α-estradiol, 17β -estradiol and estrone, and
in larger quantities in the urine than in the faeces. In dairy manure wastewater, high
concentrations of 17α-estradiol (1750- 3270 ng l−1), 17β -estradiol (351-957 ng l−1) and
estrone (370-2356 ng l−1) have been measured [84], but lower concentrations in dairy
farm effluent have also been reported [120]. In New Zealand, dairy farm effluent total
estrogen (17α-estradiol, 17β -estradiol and estrone) concentration between 59 ng l−1 and
4000 ng l−1 have been observed [194]. Animals and humans usually excrete estrogens
in their glucuronide or sulfate conjugated forms that are however readily deconjugated
by fecal microorganisms [116]. Evidence of natural estrogens entering the environment
through concentrated animal feeding operations (CAFOs), through the use of animal waste
as fertiliser or via other agricultural activities has often been reported [92, 83, 134, 204].
Mathiessen et al. [151], while searching for evidence of steroid hormone contamination in
streams associated with livestock farms in the UK, selected 10 sites where streams were
running through dairy farms, although some examples of beef, sheep and pig farms were
also included. The results of the screening showed that 92% of the monitoring stations, and
at least one on each farm, contained some estrogenic activity, and hormone concentrations
downstream of livestock were higher than upstream in 60% of the cases. Estrone and
17β -estradiol were almost ubiquitous, with maximum E1 and E2 concentrations in
downstream water of 9 ng l−1 and 0.9 ng l−1 respectively across all sites.
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The contamination of surrounding surface waters following waste application on land
has often been attributed to run-off water events [63, 106, 160]. E2 concentrations as high
as 308 ng l−1 and E1 concentrations over 2000 ng l−1 were measured in run-off water from
a soil fertilised with dairy manure based on the N and P requirements for sorghum/sudan
grass [57]. The results of a single experiment indicated however that the impact of cattle
grazing under typical field conditions, over 7 months, did not contribute to the load of
hormones in the run-off water [63].
Because of the unstable nature of estrogens and their great capacity for sorption to the
soil, it is often thought that estrogens do not threaten groundwater quality [113]. A strong
attenuation of estrogens through the soil profile has often been observed [120, 205] and
apparently successful recharge of wastewater has been reported [72]. However sporadic,
but consistent, estrogen concentrations above the considered safe concentrations have
been detected in groundwater in agricultural areas [13, 119, 120, 172]. The presence of
preferential/macropore flow has been recognised as a potential pathway for groundwater
contamination with nitrogen and bacteria following effluent application [207, 108] and
may play an important role in the leaching of estrogens. The infiltration of estrogens into
the soil is even more concerning when it has the potential to contaminate drinking water
supplies. The sporadic detection of estrogens in groundwater suggests that the causes for
estrogen persistence and transport through the soil need to be better understood.
1.1.3 The context in New Zealand
Although there are only 4.2 million people in New Zealand, there are 40 million sheep and
10 million beef and dairy cattle1. Knowing that an average cow excretes one to two orders
of magnitude more estrogens than an average sheep or human [113, 128], one of the largest
potential source of estrogen environmental contamination in New Zealand probably comes
from the beef and dairy industry. The dairy industry generates a large volume of dairy
12006 New Zealand statistics at http://www.stats.govt.nz
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farm effluent (DFE), estimated at 50 l per cow per day [99]. In New Zealand the disposal
of DFE by application on the land is encouraged over the use of waste stabilisation ponds,
in order to limit the eutrophication of surface waters and to better recycle the nutrients.
The regulation of the quantity of DFE that can be applied to farmland is based on the
nitrogen content of the effluent and is limited to the application of 150-200 kg N ha−1 yr−1
[3]. However those regulations do not consider the DFE estrogen load [230]. In order
to determine if the application of dairy farm effluent to the land threatens the quality of
the groundwater in terms of estrogenic activity, the fate and transport of estrogens in the
soil under those conditions need to be investigated [191]. Therefore it is proposed, in the
present study, to investigate the fate and transport of estrogens applied in DFE on a typical
pasture soil (Templeton soil), widely used for dairy farming in the Canterbury region of
New Zealand.
1.2 Objectives and outline
1.2.1 Objectives
The main goal of the present study was to determine the fate and transport processes of
17β -estradiol and estrone applied in dairy effluent on a typical pasture soil. This goal was
reached by achieving the following objectives:
1. To optimise the extraction of 17β -estradiol and estrone from the Templeton soil,
using a sonication and shaking method, for an optimised detection and quantification
of estrogens in soil samples.
2. To determine, in the laboratory, the dissipation rate of 17β -estradiol and estrone in
the Templeton soil, under controlled conditions.
3. To carry out a transport experiment in the field, using undisturbed cores of the Tem-
pleton soil, in order to determine the main processes involved in the transport of
17β -estradiol and estrone applied in dairy farm effluent under realistic field condi-
tions.
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4. To model the transport of estrogens through the undisturbed soil lysimeters in order
to improve our understanding of the processes involved in estrogen leaching through
soil.
1.2.2 Outline
Chapter 1 provides an introduction and sets out the context of the study by describing
why natural exogenous estrogens found in the environment are of concern and what are
the potential sources of contamination, especially in New Zealand. Chapter 2 reviews the
scientific literature of the methods used to analyse estrogens in environmental samples, es-
pecially in soil, as well as the processes and modelling of estrogen dissipation and transport
in the soil. Chapter 3 gives a method description of the sample clean-up steps and analysis
used in the present study to quantify estrogens in the groundwater, soil and effluent samples
by gas-chromatography mass-spectrometry (GC-MS). In Chapter 4, the optimisation of
estrogen extraction from soil, using a sonication and shaking method, is described and the
best solvent, shaking and sonication conditions are determined. In Chapter 5, a microcosm
incubation experiment is presented and 17β -estradiol and estrone dissipation rates in the
Templeton soil, at two soil depths, are determined under controlled conditions to simulate
winter field conditions. In Chapter 6, the results of a transport experiment carried out in
the field, by applying 17β -estradiol and estrone in dairy farm effluent on undisturbed cores
of the Templeton soil are presented and discussed. In Chapter 7, the inverse-modelling
of estrogen transport in the Templeton soil and the resulting model, which includes es-
trogen dissipation and transport by advection-dispersion, preferential/macropore flow and
colloidal transport are presented. The thesis concludes with a final Chapter (Chapter 8) of
general conclusions and recommendations for future research.
Chapter 2
Literature Review
2.1 Introduction
The fate of estrogens in soil has been studied, recently, particularly in the last 7 years (see
Figure 2.1) as a consequence of a rising awareness of the ubiquitous presence of endocrine
disrupting chemicals (EDCs) in the environment. Identifying the sources of environmental
contaminations with estrogens has become a necessity. Farming is one of these sources,
and its impact on soil and groundwater contamination is not well understood. To evaluate
the possible impact of estrogens from farming activities on soil and groundwater contam-
ination, the fate of estrogens in soil needs to be better understood. This Chapter reviews
the progresses in the understanding of estrogen fate and transport in soil. This includes
the development of analytical tools for a sensitive and selective quantification of estrogens,
including in the complex soil matrix, factors governing estrogen dissipation and transport
under various field conditions and modelling of estrogen transport in soil.
2.2 Estrogen analysis in environmental matrices
2.2.1 General considerations
Estrogens have been analysed in environmental matrices by both biological and chemical
techniques. Biological techniques, which include in vivo and in vitro tests, are primarily
10
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Figure 2.1: Number of publications recorded in the Web of Science database in the last 20
years for a search of the keywords ”Topic=(soil* AND (estrogen* OR oestro-
gen*))”
used to determine the endocrine-disrupting activity of a sample and are sensitive to
synergistic and additive effects [76]. These techniques, however, often suffer from matrix
interference or cross reactivity and confirmation by other tests or chemical analysis is
often required [103]. A new generation of biological techniques, including biosensors,
are being developed [237, 188]. Many studies have used radio-labelled estrogens, as a
sensitive and rapid tool for estrogen analysis in situ [60], but these techniques are limited
to laboratory specifically set-up for this type of analysis, for safety reasons. Furthermore
radio-labelled compounds do not allow discrimination between parent and daughter
products. Chemical techniques allow identification and quantification of trace levels
of estrogens, providing sufficient selectivity and sensitivity, but often require extensive
sample preparation especially in complex matrices. Liquid (LC) and gas chromatography
(GC), coupled with mass-spectrometry (MS) detectors have been largely used and are
still developed and automated for minimum sample manipulation [187]. Whereas MS
detectors provide both structural and quantitative analysis, tandem MS detectors (MS/MS)
give further sensitivity and selectivity, which are especially useful for unknown mixtures
in complex matrices.
For estrogen analysis by GC-MS, sample extraction, clean-up, derivatisation and
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quantification are required. Each of those steps have been optimised according to the
range of compounds and the sample matrix of interest and have been reviewed in several
papers. Ingerslev and Halling-Sørensen [103] reviewed different analytical methodologies,
including chromatography, and focused on the different steps of sample preparation and
estrogen analysis, for a wide range of matrices. Gabet et al. [66] published a more
recent review for estrogen analysis in water, sediments and sludge using liquid or gas
chromatography, and include a review of sample preparation. Another recent review
by Wang et al. [232] focused on estrogen analysis by different chemical and biological
techniques. Gomes et al. [74] offered a critical discussion on sample preparation and
chromatography/mass-spectrometry analysis of estrogens in sewage and waters, Lo´pez
de Alda [141] in wastewaters and in their book, Lee et al. [134] devoted a section to the
review of different sample preparation steps for the analysis of EDCs, including for es-
trone and 17β -estradiol, in a variety of sample matrices. Different derivatisation reactions
have also been compared and discussed for EDCs [136] and specifically for estrogenic
compounds [250]. Petrovic et al. [174] reviewed the mass spectrometric analysis of
endocrine disrupting compounds in environmental water samples, whereas Croley et al.
[44] compared the general performances of GC-MS/MS, LC-MS and LC-MS/MS for
analysis of steroid hormones in environmental matrices. Many reviews report ranges of
method detection limits for different methodologies and different matrices, usually ranging
from the low ppt (parts per trillion) range for aqueous samples to the low ppb (parts per
billion) range for solid samples [134].
2.2.2 Estrogen extraction from soil samples
Efficient extraction and purification steps are required to analyse estrogens especially in a
complex matrix like soil. Several papers have reported estrogen detection/quantification in
soil [33, 41, 60, 244], but few focused on method development [184, 240]. The methods
used to analyse estrogens in soil have often been adapted from methods initially designed
for estrogen analysis in sediments or in sludge or for other organic chemicals. Because
methods for estrogen or EDC analysis from soil has not been specifically reviewed
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previously, a short review is presented in the present Section.
The use of radio-labelled estrogens in soil is common because it usually re-
duces the need for extensive clean-up and allows good method sensitivity. Radio-
labelled estrogen extraction and analysis from soil has been reported in several papers
[32, 31, 41, 60, 105, 145, 190]. Estrogen analysis from soil by bioassays has also been
reported in some publications [57, 52, 33] and also requires less sample purifications.
Published papers reporting estrogen extraction from soil and sample clean-up for analysis
by chromatography have been reviewed in Table 2.1. To extract estrogen from soil,
shaking, sonication, Soxhlet extraction, pressurised liquid extraction and microwave
assisted solvent extraction have been used with different solvents (see Table 2.1). A
few clean-up steps have been reported and include centrifugation, SPE, gel permeation
chromatography, silica gel chromatography and glass wool filtration (see Table 2.1).
However, it is difficult to compare the efficiencies of the different methods, because of the
variety of experimental conditions used (e.g. various initial concentrations, optimisation
for a cocktail of target compounds) and estrogen extraction efficiencies in real field con-
ditions are difficult to establish because recoveries from aged soil are very seldom reported.
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2.3 Dissipation of estrogens in the soil
Dissipation of estrogens in soil can be the result of sorption and formation of unextractable
residues, as well as the result of transformation/degradation of estrogens into other
metabolites or total mineralisation in CO2. The results obtained by Casey et al. [31]
during a column transport experiment illustrate well the diversity of estrogen dissipation
pathways in the soil. At the end of their experiment, once no more estrogen could be
detected in the column leachate, 26% of the total 14C labelled 17β -estradiol applied was
recovered as parent compound in the leachate, and 37% as its first degradation product,
estrone. An additional 22% was recovered from the soil inside the column, as sorbed
compounds, mainly as 17β -estradiol (17%), but also as estrone (5%), estriol (0.2%) and
unidentified metabolite of higher polarity (0.08%). Furthermore, the incomplete 14C mass
balance suggested that about 16% have been mineralised or were unextractable [31]. Even
though most laboratory experiments suggested that estrogens are rapidly dissipated in soil,
within a few hours or days [105, 32, 41, 135, 244], it was also observed that these rates
tend to be slower under certain conditions [145, 92, 41]. The aim of this Section is to
review the different factors affecting estrogen dissipation in soil.
2.3.1 Biodegradation and abiotic degradation
Contradictory results are found in the literature concerning the persistence of estrogens
in sterile soil. Ying and Kookana [244], as well as Xuan et al. [241] found that no
significant degradation of 17β -estradiol occurred under sterile conditions, whereas Colluci
et al. [42] and Jacobsen et al. [105] reported partial transformation of E2 into E1 under
sterile conditions after 72 - 96 h. A more recent study reported that 17β -estradiol was
transformed, not into estrone but into an unidentified polar compound under sterile
conditions [60]. Estrone however does not seem to be transformed at all in sterile soil
[41]. The processes involved in estrogen abiotic degradation have not been determined
but, it has been suggested that E2 might be oxidised abiotically in the presence of iron
and manganese oxides [83, 201]. Moreover, no mineralisation of E2 or E1 into CO2 has
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been reported in sterile soil, because mineralisation of estrogens requires the presence of
suitable microorganisms [60, 105].
The degradation of 17β -estradiol and estrone in soil is mainly caused by microor-
ganisms [244, 41, 36, 241] and mainly depends on the composition of the soil microbial
population [215]. In most cases estrogen degradation happens without a lag phase,
suggesting that in most soils the microbial population does not need any prior adaptation
[41]. In soil, estrogens are probably degraded by ubiquitous microorganisms [41], prob-
ably bacteria [215]. In one experiment, beta-proteobacteria were specifically identified
as being responsible for E2 degradation [38]. A few degradation mechanisms have
been proposed [133, 83] and include the oxidation of E2 into E1 [133, 42, 241], with a
transient accumulation of E1 [41, 42] and a further degradation of estrone with estriol as
a transient degradation product [241]. It was also found that E2 mineralisation occurred
co-metabolically [214], and that only a fraction of the estrogens were mineralised in
soil. Typically only 6% of the applied E2 was mineralised in soil after 5 days [60] and a
maximum of 17% was mineralised after 91 days under aerobic conditions [41].
2.3.2 Influence of soil moisture, redox conditions and temperature on
estrogen degradation
Below field capacity, an increase in soil moisture increases the degradation rate of
17β -estradiol in soil [41, 241], but in dried soil, soil at field capacity or under saturated
conditions, E2 dissipation and mineralisation rates decrease [41, 241]. Drier soils limit the
number of solubilised estrogens and their diffusion in the soil solution therefore limiting
their bioavailability [241]. Under saturated conditions, hormone degradation is not limited
by their bioavailability, but by the lack of oxygen [41]. It has been shown that in batch
experiments degradation of 17β -estradiol is quicker under aerobic conditions than under
anaerobic conditions [60, 45, 245, 244]. Similarly in a column transport experiment
the increasing persistence of E2 was correlated with increasing soil depth, increasing
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percentage of saturation and decreasing oxygen availability [33]. Indeed under anaerobic
conditions, microbes have to seek for other sources of electron acceptors usually less
available. Conversion of E2 into E1 was observed under different anaerobic conditions,
i.e. methanogenic, nitrate- , sulfate- and iron- reducing conditions [45]. Even though
partial biodegradation of 17β -estradiol into estrone [244, 45] and estriol [45] in soil under
anaerobic conditions have been reported, full conversion of 17β -estradiol in CH4 has not
been observed [60]. Slow transformation under anaerobic conditions suggests that E2
could accumulate in soil [45], but there is a lack of information about estrone dissipation
under anaerobic conditions.
The dissipation and mineralisation of 17β -estradiol increases with increasing temper-
atures from 4oC to 30oC [41], but does not increase anymore from 25oC to 35oC [241].
This was explained by the greater bioactivity of soil microorganisms with increasing
temperature, until the temperature reaches a limit where it has an inhibitory effect on
microorganisms. Less is known about the relation between estrone dissipation and tem-
perature, but some authors attributed the observed persistence of estrone to the relatively
low soil temperatures in their experiment (7oC - 14oC) [119].
2.3.3 Influence of bioavailability on estrogen degradation
Hermann and Mills [92] observed a greater persistence of estrogens than expected, when
poultry compost was applied to soil. After rejecting the hypothesis that it was due to either
the lack of available nutrients for microbes, or to the competition of dissolved organic
carbon as source of carbon, or inadequate number of estrogen degrading organisms in the
soil population, they attributed the greater persistence of E2 to the lack of bioavailability
associated with sorption and ageing [105, 60, 86]. The ageing process includes slow
diffusion through intraparticle micropores, bonding/sorption with soil constituents at
high-energy surface sites and entrapment within the molecular structure of organic matter
[90]. Xuan et al. [241] proposed that, because of the lack of estrogen bioavailability,
estrogen dissipation deviates from the simple first-order description that has been often
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used [60, 41]. Stumpe and Marschner [214] also found that E2 mineralisation was
limited by sorption. It is indeed usually assumed that the contaminants have to be in the
aqueous phase to be accessible for microbes [86, 60]. However, it has been suggested that
transformation/degradation of estrogen could occur in the sorbed phase [32, 31]. As a
consequence several authors assume estrogen degradation takes place in both sorbed and
aqueous phases [33, 48]. Because estrogen degradation depends on their availability to
microbes, it is also correlated to their resident time in soil [48], and it is therefore expected
that estrogen degradation would be reduced under advective water flows leading to rapid
transport in soil.
2.3.4 Dissipation of estrogens in animal waste and waste amended
soils
The application of animal waste can also influence the kinetics and pathways of hormone
dissipation in soil [142]. It was observed that estrogen half-lives were in most cases
smaller in soils amended with sheep manure than in unamended soils [145]. It has
been shown that application of swine slurry enhanced the mineralisation of E2 and its
conversion to E1 even in sterile soil, showing that the microbes present in the slurry were
also responsible for the conversion of E2 into E1 [105]. Application of sheep urine on
soil however affected estrogen mineralisation differently depending on the type of soil,
probably because sheep urine increased the soil nutrient concentration, but also increased
the soil pH and ionic strength and possibly contained organic compounds inhibiting
part of the microbial community responsible for the mineralisation of estrogens [145].
The amount of extractable estrogens in soil was enhanced when estrogens were applied
together with swine slurry, sheep urine or wastewater [105, 145, 214] rather than in pure
water and the amount of extractable estrogens was decreased when they were applied
together with sheep and cattle manure [145]. Long-term application of wastewater was
also reported to increase estrogen sorption and reduced their bioavailability for degradation
[214]. The paradoxical role of organic matter on mobilisation of EDCs in soil has been
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highlighted by Dizer et al. [52], who suggested that the soluble fraction of organic matter
might cause the rapid mobilisation of EDCs in the soil and simultaneously the less soluble
fraction of organic matter might increase their sorption and immobilisation within the soil
matrix. Moreover about 90% of the applied veterinary antibiotics are excreted via the
urine and faeces and are eventually found in agricultural waste used as fertiliser. Even
though it was reported that antibiotics significantly reduced the oxidation of E2 into E1
in soil [36], it was also reported that no significant reduction of the estrogen degradation
rates occurred in agricultural soils when using relevant concentrations of antibiotics [241].
It has been reported that in dairy manure 17β -estradiol was transformed into 17α-
estradiol [181], and in dairy farm effluent, 17α-estradiol and 17β -estradiol have been
observed to oxidised into estrone, while estrone slowly decreased during storage [251].
The stability of steroids in animal waste depends on the matrix, temperature, lighting
conditions and oxygen supply, which affect a variety of physical, chemical, and biological
transformations that can occur during storage and waste treatment [128, 182, 83]. Estro-
gens are generally excreted in biologically inactive conjugated forms, mainly estrogen
glucuronides and sulfates [183], but it is usually assumed that common fecal microorgan-
isms are capable of hydrolysing estrogen conjugates to unconjugated forms [83].
2.3.5 Dissipation rates reported in the literature
Estrogen dissipation rates reported in the literature are various and depend on the different
factors discussed above as shown in Table 2.2. The dissipation kinetic of estrogens
in soil is often estimated as a simple or double first-order exponential decay process
[60, 41]. However biodegradation rates of estrogens have also been associated with their
bioavailability [241], nutrient availability and thus on microbial activity, as well as the
building-up of a stable microbial community [48]. Those processes result in degradation
rates decreasing with time or with decreasing concentrations and cannot be described by
a simple first-order kinetic [31, 48]. The mineralisation rates are in all cases much slower
than the dissipation rates, because mineralisation requires more degradation steps and
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Table 2.2: Overview of estrogen dissipation rates in soil, except if specified otherwise, under
different experimental conditions reported in the literature. Only average ranges
are reported here. a [31], b [60] (mineralisation), c [41], d [135], e [48] (degrada-
tion), f [145] (mineralisation) (i) urine application, (ii) manure application, g [241]
(availability adjusted degradation kinetic, k = rate constant and a =availability co-
eff.), h [45] (sediments), m [245] (sediments), n [192] (aquifer material) (k1 solution
phase, k2 sorbed phase), o [61] (w1 solution phase, w2 sorbed phase), p [214] (min-
eralisation following wastewater/sludge application)
k [h−1] from batch exp k [h−1] from batch exp k [h−1] from column exp
aerobic anaerobic
17β -estradiol 0.003-0.036 d 0.0001 b 0.09 - 0.15 a
0.06-0.13 c 0.001 - 0.004 h 0.014-0.085 e
0.0006 b 0.003 m w1 0.165, w2 3.3 10−5 o
0.0001 p k1 0.021, k2 0.0003 n
0.0006 - 0.006 f (i)
0.005 - 0.022 f (ii)
k 0.190, a 0.099 g
k1 0.117, k2 0.027 n
0.014 m
Estrone 0.02-0.05 c 0.02 - 1.02 a
0.001-0.006 f (i) 0.041-0.835 e
0.005-0.019 f (ii)
specialised microorganisms [41]. It is unclear however if 17β -estradiol degrades more
quickly than estrone [48, 42, 145].
2.3.6 Estrogen rate-limited sorption versus equilibrium sorption in
soil
Estrogen sorption to the soil can be dominated by either equilibrium sorption or rate-
limited sorption. Rate-limited sorption is a kinetic sorption in opposition to equilibrium
sorption considered as an instantaneous reaction. Rate-limited sorption depends on
sorption site accessibility, and on the different energy activations and kinetics associ-
ated with the different types of physico-chemical interactions of the compound, at the
soil-water interface [175]. Typically diffusion of chemicals in immobile water and soil
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intra-particle nanopores are responsible for slow sorption [175]. Casey et al. observed
a rate-limiting sorption for both 17β -estradiol and estrone in their batch experiment,
which they attributed to the rate-limited diffusion/sorption of these compounds into the
’soft’ organic carbon or the amorphous organic matter domain [31]. The importance
of rate-limited sorption and its kinetics varies according to the type of soil, the target
compound and the experimental conditions, and different types of interactions can
prevail at different times or in different parts of the soil [32, 175]. In several transport
experiments, the importance of rate-limited sorption was given by the ratio of the number
of equilibrium sorption sites to the non-equilibrium sorption sites. Reported ratios varied
between 0 and 30%, depending on the water flow rate, the soil type and the hormone
considered [32, 31, 48]. At high water flow velocity, rate-limited sorption usually prevails,
because estrogen resident time in soil is too small for sorption equilibrium to be reached
for most of the sorption domains [32, 48]. Under typical natural field conditions how-
ever, the flow rate is usually small and sorption equilibrium is expected to be prevalent [48].
According to the results from several batch experiments, estrogen sorption equilibrium
in soil is achieved within a few hours or days (see Table 2.3). A biphasic sorption pattern
is commonly observed, including a rapid uptake within the first two hours [190, 247, 125]
or 10 hours [140, 247] followed by a slower, more gradual sorption that lasts for a longer
time period.
2.3.7 Estrogen linear versus non linear sorption in soil
Estrogen sorption in soil has been described by linear sorption, as well as by non-linear
sorption, which has often given a better description (see Table 2.3). Because the soil usually
offers a broad range of interaction energies, at low concentrations, hormones preferentially
interact with sorption sites having greater affinities [247], whereas at high concentrations,
saturation of the sorption sites (n <1) or cooperative sorption (n >1) prevail [239, 93]
leading to non-linear sorption isotherms (see Table 2.3). At sub-microgram per litre con-
centrations, even though a large proportion of estrogens sorb to equilibrium sorption sites, a
longer time is needed to reach sorption equilibrium [175]. It was observed that E2 reached
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an apparent equilibrium within 48 h for a concentration of 2500 µg l−1, but it took 7 days
for equilibrium to be reached at a concentration of 250 µg l−1 [247]. The overall slower
sorption rates, at low concentrations, could be due to concentration dependent diffusion of
estrogens in natural OM matrices and intraparticle nanopores [175].
2.3.8 Sorption rates and sorption coefficient reported in the literature
The soil-water distribution/partitioning/sorption coefficient describes the partitioning of a
solute between the soil solution and the soil solid phase. A linear sorption isotherm uses
the sorption coefficient (Kd), whereas non-linear sorption isotherms can be mathemati-
cally described using the Freundlich or the Langmuir equations and the corresponding
coefficients (KF , n) and (KL, b) [159]. The main difference between the two non-linear
models is that the Langmuir model assumes that the solid phase possesses a finite number
of sorption sites leading to a maximum sorption. The normalised distribution coefficient
based on the soil organic matter or organic carbon content (Koc) eliminates much of the
variation in the Kd values amongst different soils and has been determined for estrogens
under different experimental conditions (see Table 2.3). A similar distribution coefficient
for colloidal organic carbon has been defined as Kcoc (see Table 2.3). Eventually, the
sorption kinetic (α) is described by the sorption rates of the target compound per unit of
time. Table 2.3 shows sorption coefficients and sorption rates for estrone and 17β -estradiol
in soil that have been reported in the literature. Even though estrogen sorption has been
studied in some New Zealand soils [192], no investigation has been done specifically with
the Templeton soil.
2.3.9 Influence of soil composition on estrogen sorption in soil
The high soil sorption affinity of estrogens has been correlated to the organic matter (OM)
content [26], the particle size [97] and the cation-exchange capacity of the soil [32, 135].
Both the organic matter and the expanding clays are indeed believed to govern estrogen
sorption in soil [26]. The organic carbon-normalised partition coefficients (Koc) of E2 to
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Table 2.3: Estrogen linear and non-linear sorption coefficients and kinetic sorption rates in
soil (except if specified otherwise) reported in the literature. See text for more de-
tails. a Sorption to montmorillionite and kaolinite, b Sorption to humic substances,
c Sorption to DOM
17β -estradiol Estrone
log Kd 0.98-2.61 -0.75 - 2.49
(l kg−1) [31], [190], [135], [239], [61] [31], [239], [61]
log KF /n 1.06-3.18 / 0.59-1.30 1.04-3.14 / 0.75 - 1.34
(µg/g)/(µg/ml)n [190], [135], [93], [32], [239], [192] [93], [32], [192], [247]
[247], [214]
-0.19-1.94 / 0.37- 1.0[26]a 0.32 - 0.80 / 0.41-0.73 [26]a
log Koc 2.37 - 5.83 3.0 - 5.25
(l kg−1) [31], [244], [135], [93], [239], [247], [31], [244], [135], [93], [239],
[214], [123], [180]
3.47-4.33 [216]b [247], [180]
4.54-4.94 [243]c
log Kcoc 3.00-5.23 4.18
(l kg−1) [138] [96], [138]
α 0.18-0.93 0.09 - 0.95
(h−1) [31], [32], [61], [48] [31], [61], [48]
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humic substances has been positively correlated with the abundance of aromatic rings in the
organic matter structure [216], supporting the widely accepted view that the dominant sorp-
tion mechanism of estrogens to soil OM is via hydrophobic interactions [125, 190, 135].
However estrone and 17β -estradiol are polar and slightly acidic compounds and can there-
fore be involved in other specific sorption interactions [26] typically involving hydrogen
bonding and van der Waals forces [247]. The polar and anionic forms of estrogens can
interact by electrostatic interactions with high cation exchange capacity (CEC) surfaces,
which offer a high charge density of cations producing a positively charged electric field
[25]. Estrogens can also interact with iron oxides [125], hydroxides and clays minerals,
especially expanding clays [226, 26, 199].
2.3.10 Estrogen desorption in soil
For most sorbates in soil, kinetic hysteresis is observed, because for specific sorption inter-
actions the activation energy of desorption is normally greater than that of sorption [175].
Moreover, many chemicals in soil show a rapid phase of desorption followed by a period
of slower desorption [10]. Under natural conditions, the fraction of a chemical that is not
readily desorbed increases with time because it corresponds to the fraction that is less read-
ily biodegraded or leached [10]. Few studies have focused on estrogen desorption in soil.
However a rapid desorption of E1 and E2 was reported, in a sandy soil, and an increas-
ing desorption observed for decreasing initial concentrations [93]. This seems to confirm
the idea that, at low concentrations, estrogens preferably interact with equilibrium sorption
sites (see Section 2.3.7). It was also observed that both hormones desorbed within a few
seconds from kaolinite and illite, but were not desorbing from montmorillonite, because of
their intercalation into the interlayer spaces of montmorillonite. [226, 199]. E2 desorption
Kd values determined for river bed sediments were ranging from 1.0 to 2.2 l kg−1[97].
2.3.11 Bound and sequestrated estrogen residues
Bound residues are by definition not extractable by methods that do not alter their chemical
nature [186]. The formation of bound residues in soil is generally explained by the ageing
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process, during which the compounds become either covalently bound to soil components
or sequestrated after diffusion into inaccessible micro-sites within the soil matrix [10]. The
mechanisms for forming bound residues are not yet fully understood, but seem to be time
dependent [159] and mediated by microorganisms [69]. It was reported that as much as
73% of the applied 17β -estradiol in soil formed bound residues after 5 days of incubation
[60] and that the unextractable residues were mainly associated with the organic fraction
of the soil and especially humic substances [60].
2.3.12 Estrogen sorption to suspended particles, colloids and dis-
solved organic matter
Estrogens have been reported to sorb to suspended particles coated by humic acids [180],
suspended sediment particles [97], aquatic colloids [138], wastewater colloids [96] and
to dissolved organic matter (DOM) surrogates [243]. Smaller colloids possess a greater
sorption affinity for E2 than larger suspended particles [96, 97]. Moreover the binding
kinetic of E2 and E1 to colloids can be a lot faster than to soil, with reported sorption
equilibrium reached within 5 min [138, 96], whereas 80-90% of estrogen binding to larger
suspended particles was completed within 1 day [97]. The mechanisms that bind estrogens
to colloids, DOM surrogates or suspended particles are not dominated by hydrophobic
interactions, but other mechanisms are important including ion exchange and hydrogen
bonding [243, 138, 180, 96].
2.4 Transport of estrogens in soil
Several studies have investigated the different parameters influencing estrogen migration
through packed and undisturbed soil columns. A few laboratory studies have looked
into estrogen transport in repacked soil columns [32, 48, 31]. However these repacked
soil columns eliminate the soil structure and therefore do not include possible rapid
preferential flows that are typically found in natural soils. More recently, other studies
using undisturbed soil cores have been carried out which have accounted for physical
non-equilibrium transport [190, 33, 61]. It appears that all the laboratory experiments
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looking into estrogen transport in soil columns have been carried out under steady state
flow conditions [32, 48, 31, 190, 33, 61]. Moreover, in some of those studies near saturated
conditions were set-up to prevent possible entrapped air interfering with solute flow
[190, 32, 31, 48, 61].
By eliminating preferential flow the packed column studies were able to explain
the non-symmetrical estrogen breakthrough curves and tailing effects by chemical
non-equilibrium processes [32, 31]. Chemical non-equilibrium transport of estrogens has
been recognised unanimously [32, 48, 31, 190, 33] and is usually explained by sorption
and degradation of estrogens in soil. In addition, sorption and degradation strongly
limit estrogen leaching from packed soil columns [32, 228]. The estrogen recovery in
the leachate depends on several factors, including the water flow rate, the length of the
column, the type of soil and the amount of hormone applied.
Studies using undisturbed soil cores showed that the high sorption affinity of estrogen
to soil does not necessarily prevent hormone transport [190]. It was observed that
17β -estradiol was leached through an undisturbed soil column earlier and in larger
quantities than was predicted for chemical non-equilibrium transport alone, because of the
presence of heterogeneous water flows [33]. It is clear that in undisturbed soil columns
both physical and chemical non-equilibrium are important to explain hormone transport.
Casey et al. [32] suggested that some of the 17β -estradiol and estrone migration in
soil could be attributed to colloidal transport. This suggestion was based on results from
a batch experiment showing that 20% of the 14C associated with E2 or its metabolites
was found on colloids suspended in the supernatant. Colloids are a solid phase to which
contaminants can sorb in a similar way to the immobile solid phase, and colloids are
also a mobile phase which can carry contaminants at a similar or greater pace than the
mobile water phase. Recently, Arnon et al. [13] also strongly suggested that surfactants
or colloids were responsible for estrogen transport from a dairy lagoon deep into the
vadose zone. Interestingly in another leaching study that used a low organic matter content
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soil, no evidence could be found for the presence of inorganic colloids in the leachate [190].
The fate and transport processes of estrogens in waste-amended soil have been studied,
but still need to be better understood [116]. Addition of animal manure produces chemical,
physical and biological changes to soil which impact on estrogen transport [83]. For
example, it was observed that in comparison to distilled water, the presence of sheep urine
enhanced and prolonged the amount of estrogen leaching from soil [144]. This enhanced
rate of estrogen migration in soil was attributed to changes in either estrogen sorption
or microbial activity [144]. Another investigation pointed out the contamination risk
associated with artificially drained soils treated with manure [119]. In that study, pig slurry
was applied on tile drained agricultural soils and estrogens were monitored in the tile
drainage water at 1 metre depth [119]. The maximum concentrations recorded were 68.1
and 2.5 ng l−1 for estrone and 17β -estradiol, respectively. These relatively high estrogen
concentrations, and their rapid leaching through soil were explained by the presence of
preferential flow. In the same study, estrone was leached in the tile drainage water at
concentrations exceeding the lowest observable effect level (3.3 ng l−1) even 3 months
after slurry application and was still detected at a low concentration 11 months after
treatment [119]. In order to explain the persistence of E1 in the soil it was hypothesised
that the application and incorporation of the slurry might have caused anoxic conditions
inhibiting estrogen degradation. Low soil temperatures were also given as a possible
explanation for the persistence of estrone [119].
In a study monitoring the leaching of E2 applied as poultry waste on a pasture soil,
it was observed that E2 migrated through the underlying mantled karst aquifers and was
detected in springs within the same recharge area at concentrations up to 67 ng l−1 [172].
Bacteria and 17β -estradiol associated with the poultry waste were found to be moving
through the mantled karst aquifer in a similar manner [172]. Because these aquifers were
dominated by rapid groundwater flow paths, it is reasonable to think that both bacteria and
17β -estradiol followed some preferential flow pathways with very few interactions with
the soil [172]. The possibility of interactions between 17β -estradiol and bacteria, leading
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to a colloidal enhanced transport of 17β -estradiol was however not considered in this
study. In another investigation, estrone and estradiol were detected at concentrations from
7 to 11 ng l−1 in shallow groundwater monitoring wells at 7-10 m depth located at dairy
farms [120]. The shallow groundwater obtained in these monitoring wells originated from
percolation of excess irrigation and manure water applied to fields on, or adjacent to, the
dairies, from corrals, and from infiltration of water from unlined dairy waste lagoons [120].
Another field scale experiment investigated the soil-aquifer treatment of wastewater
containing estrogens [147]. The results of this study indicated that the removal of 17β -
estradiol was dependent on a minimum travel time and distance to allow sufficient sorption
and degradation. After 1.5 m and 5 days of travel through groundwater recharge porous
media, 12% of the initial 17β -estradiol concentration (4.2 ng l−1) was still detected, even
though no evidence for macropore flow transport could be found [147]. Another study
reported that a maximum concentration of 30 and 100 ng l−1 E2 and E1 respectively
were found at 4.5 m below a sceptic tank, in the most anoxic part of the glacial deposit
of sand and gravel underlying it [217]. Estrogens (E2 + E1) were also detected at a
concentration of c. 200 ng kg−1 within a depth of c. 10 m and at a concentration of 70 ng
kg−1 at a depth of 32 m below a dairy waste lagoon in an unsaturated vadose zone charac-
terised by an upper section (0-6 m) rich in clay minerals and organic matter sediments [13].
2.5 Modelling of estrogens transport in soil
In order to better analyse the factors that are controlling estrogen transport in soil,
modelling of estrogen transport has been carried out by several research teams under
various conditions. Packed soil columns [48, 31, 32], as well as undisturbed soil cores
[190, 33, 61], varying from a length of 7 cm [32] up to 2 m [33] were used, generally
under steady state flow, as well as various initial estrogen concentrations, soil types and
water flow rates. In a recent study the undesigned field scale leaching of estrogens from a
dairy waste lagoon has also been modelled [13]. All the models used to describe estrogen
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transport in soil were based on a two phase advective-dispersive model. Only the papers
dealing specifically with estrogen transport modelling in soil are reviewed in this Section.
Even though in some studies only equilibrium sorption was considered [32, 33], in
several other studies, a two-site sorption concept was used, where the sorption sites are
divided into two types, one where sorption occurs instantaneously and the other where
sorption occurs kinetically [32, 31, 48, 190]. It was observed that the sorption parameters
determined in column experiments were different from the values obtained in batch
experiments [32]. This was mainly because sorption parameters obtained in column
transport experiments are affected by the rate-limited mass transfer between the solid
and liquid phases due to advective transport, unlike in batch experiments [32]. In several
studies using high water flow rates, it was found that most of the sorption was kinetic and
was responsible for an important BTC tail [32, 31, 190], as highlighted by Das et al. [48].
They also stated that at small pore water velocities, which are often observed under natural
field conditions, the mass transfer rates between the sorbed and dissolved phase would be
large, and instantaneous sorption conditions would certainly prevail [48]. Even though
most studies assumed a linear and reversible sorption, non-linear [48, 190] or irreversible
[61] sorption, or no sorption at all [33], are options that have also been considered.
The degradation of 17β -estradiol has been introduced in all the estrogen transport
models reviewed here and in some models the transport of E2 degradation products have
also been considered [61, 31, 48]. However, only when 14C is measured, discrimination
between parent compound and metabolites is impossible, and the lack of information about
the transformation processes results in decreased confidence in parameter estimates [32].
In some cases, only estrone was considered as metabolite [48], while in other cases estrone
and another unidentified polar metabolite were considered with specific transformation
rates [31, 61]. Some authors assumed that transformation rates were different in the
soluble and sorbed phase [61, 32].
Some studies have been carried out using undisturbed soil columns [190, 33, 61], but
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only one observed significant physical non-equilibrium transport of estrogens [190]. In
this case, a large ”effective dispersivity” was used to account for the observed physical
non-equilibrium transport of estrogens [190]. Several solute transport models have
been designed to account for preferential/macropore flows [131], but have not yet been
specifically applied to estrogen transport in soil.
HYDRUS-1D model was used by Casey et al. [32, 31], Das et al. [48], Sangsupan et
al. [190] and Arnon et al [13]. STANMOD model was used by Casey et al. [33], whereas
Fan et al. [61] conceived a home-made model. Usually inverse-modelling approaches
were used, with the simultaneous modelling of an inert tracer, but forward modelling
has also been carried out [48, 61]. When the inverse-modelling approach was chosen, a
standard least square optimisation routine was generally completed to obtain the best fit
model. Casey et al. [33] used a least-square regression model proceeding by a stepwise
regression, where all measured variables and interactions between those variables were
tested in order to select the most significant factors that explained the observed hormone
concentration variations in the leachate or in the soil. Fan et al. [61] applied a global
optimisation method described in one of their earlier paper [59] because of the large
number of model parameters involved.
Several research papers suggested the importance of colloidal transport of estrogen
[13, 33, 61] or recognised the potential importance of colloidal transport if estrogens were
applied in animal waste instead of in pure solution [190, 32]. Casey et al. [33] indeed
concluded, in their latest paper, that colloidal facilitated transport was probably one of
the most significant factors contributing to the fate and transport of hormones in the field.
Recently, by modelling the estrogen contamination of the unsaturated vadose zone below
a dairy waste lagoon, Arnon et al. [13] showed that the estrogen distribution could not
be explained by advection-dispersion and sorption alone, suggesting that other transport
mechanisms were responsible for hormone transport under field conditions. Moreover,
they stated that macroscale preferential flow paths probably did not play a major role
in the transport of estrogens down to a depth of 32 meters in this case, and therefore
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they suggested that surfactants or colloids might have played a major role in the deep
leaching of estrogens [13]. Until now, all the experiments designed to model estrogen
transport have been carried out by applying estrogens in pure solution. None of those
studies included specifically colloidal transport in their model, even though several models
describing the transport of colloids in a porous medium, as well as colloid-facilitated
transport of contaminants have been developed [167, 152, 117, 8].
2.6 Conclusions
Early laboratory experiments highlighted the important dissipation of estrogens in soil and
the resulting removal of estrogens within the first few centimetres of packed soil columns.
Results from later studies showed that the application of estrogens in an animal waste ma-
trix affected their dissipation and transport properties. Moreover transport experiments
in undisturbed soil columns highlighted the fact that both chemical and physical non-
equilibrium transports of estrogens were important. Thanks to improved analytical meth-
ods, several investigations have shown the persistence of estrogens in the environment at
unexpected depths and concentrations. The combined dissipation and advection-dispersion
transport of estrogens, as well as the presence of preferential/macropore flows could not al-
ways explain the presence and persistence of estrogens in the environment. Thus colloidal
enhanced transport of estrogens has been suggested, but has never been adequately inves-
tigated or modelled. The transport of estrogens applied within an animal waste matrix still
need to be further studied under a combined transient flow and undisturbed soil column
conditions to mimic as much as possible the real field conditions.
Chapter 3
General Materials and Methods for
Estrogen Analysis
3.1 Introduction
Part of the analytical method used to analyse estrogens in this study was common to all
subsequent experiments and is described in this Chapter. This includes the preparation of
estrogen stock and standard solutions, sample extract clean-up through silica gel and gel
permeation chromatography, and the quantification of estrogens by gas-chromatography
mass-spectrometry. Other aspects of the analysis that are specific to individual experi-
ments or to sample matrices are described in the corresponding Chapters. GC-MS is a
very sensitive and selective analytical method and was the best method available for this
study. Sensitivity and selectivity were required to analyse trace amount of estrogens in
soil samples or leachate samples contaminated with dairy farm effluent. The analytical
method presented in this Chapter represents a combination and modification of previously
published analytical methods [193, 194].
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3.2 Materials
3.2.1 Chemicals and reagents
Estrone (>99%) and 17β -estradiol (>98% and Sigma Reference Standard) were purchased
from Sigma-Aldrich (Auckland, NZ) and their isotopically labelled counterparts, estrone-
2,4,16,16-d4 (d4-estrone) and 17β -estradiol-2,4,16,16-d4 (d4-estradiol) (>98 atom % D)
were purchased from C/D/N Isotopes (Quebec, Canada). All solvents were supplied by
Mallinckrodt (Biolab Group, NZ) or Sigma-Aldrich (Auckland, NZ) and were of Chro-
mAR or CHROMASOLV grade (>99.9%). MilliQ purified water was produced in-house
by a Millipore purification system. Trifluoroacetic anhydride (derivatisation grade for GC)
was purchased from Fluka (Auckland, NZ). Sodium sulfate anhydrous (ashed at 600oC
overnight prior to use) and silica gel 60 were obtained from Merck (BDH NZ Ldt.).
3.2.2 Cleaning of glassware and plastics
Glassware is generally preferred to plastic material for estrogen analysis because of the
propensity of these compounds to sorb to some plastic materials [196]. It was reported
that over a 2 day incubation period, 1% to 4% of E2 in water sorbed to polycarbonate
and polypropylene containers, while sorption to glass and polytetrafluoroethylene (PTFE)
was less than 1% [97]. All the glassware used in this study was rinsed with ethanol and
soaked in Decon 95 detergent (Biolabs) overnight, rinsed a minimum of 4 times under
tap water and 3 times under MilliQ water before being air or oven dried. To remove
any sorbed residues, the glassware was rinsed three times with methanol and once with
dichloromethane before use. Any plastic material used was similarly washed and soni-
cated several times in solvent to remove residues.
3.2.3 Preparation of estrogen stock and standard solutions
Estrone and 17β -estradiol stock solutions were prepared in acetone at a concentration of
1 mg ml−1, while d4-estrone and d4-estradiol solutions were prepared at a concentration
of 100 µg ml−1. In deuterium labelled compounds, hydrogen atoms have been substituted
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by deuterium atoms and therefore the molecular mass of the compounds is altered, allow-
ing them to be discriminated by GC-MS. Deuterated compounds exhibit similar properties
to their non-deuterated counterparts and are therefore used as surrogates that mimic target
analytes. Stock solutions of target compounds were further diluted with acetone to ob-
tain standard solutions at lower concentrations. Those solutions were stored in the freezer
(−18 oC), usually in amber glass vials with PTFE lined caps or in larger vials wrapped in
aluminium foil. When a standard solution was used for spiking or as standard for quantifi-
cation, its concentration was analysed by GC-MS to confirm its stability upon storage. To
ensure precise delivery of compound solutions the dispensing pipette was gravimetrically
calibrated to the desired volume with MilliQ water before use.
3.3 Sample clean-up and derivatisation
3.3.1 Silica gel clean-up
Sample extracts were purified using silica gel adsorption chromatography to remove
co-extracted matrix components. Once silica gel has been activated overnight at 150oC
and deactivated with 1.5% dionised water, 1 g of deactivated silica was prepared as a slurry
with dichloromethane (DCM). The slurry was poured into a small glass column (10 cm
long and 1 cm diam.) containing a small piece of cotton wool (previously soxhlet extracted
with DCM) in the base to retain the silica gel. The use of DCM allowed homogeneous
repartition of the silica in the column without air bubble. Before all the DCM was eluted,
1 g of granular sulfate anhydrous was added on top of the silica gel bed to remove residual
water from the sample. Then 4 ml of n-hexane and 4 ml of hexane/acetone (65/35) were
sequentially passed through the column to condition the silica gel. The sample extract
(1 ml) was added to the top of the column with two solvent rinses (0.5 ml) of the sample
vial, and eluted with 6 ml of hexane/acetone (65/35) into a 23 ml glass vial. This clean-up
step removed much of the sample colouration originating from pigments and dissolved
organic matter present in the original samples.
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3.3.2 Gel permeation chromatography
Sample extracts retaining significant residual colour following silica gel clean-up were
submitted to further purification using gel permeation chromatography (GPC). GPC is
based on molecular separation by size exclusion or hydrodynamic volume of compounds
and is used to remove high molecular weight organic compounds from the sample. GPC
was carried out on a Shimadzu LC10AT liquid chromatography system composed of an
auto injector, UV detector and fraction collector. The sample extracts were dried under a
gentle stream of N2 and reconstituted in 500 µl of DCM in tear drop GC vial. The whole
sample was injected onto two Phenogel columns (5 µm, 300 x 7.80 mm, Phenomenex)
connected in series with a guard column (Phenogel, 5 µm, 50 x 7.80 mm) and eluted with
DCM as the mobile phase at a flow rate of 1.0 ml min−1. The fraction containing the
estrogens (22 to 40 ml) was collected in 23 ml glass vials.
3.3.3 Derivatisation of estrogenic hormones
Estrogenic hormones are derivatised to increase their stability and volatility for improved
analysis by GC-MS. In this study, free estrogens were converted into their respective
trifluroacyls using trifluoroacetic anhydride (TFAA) as derivatisation reagent. TFAA
reacts with the hydroxyl groups of the estrogens as shown in Figure 3.1. The enhanced
stability of the trifluroacyl derivatives produces larger molecular ions and distinct mass
fragments under electron ionisation which improves the sensitivity and selectivity of the
MS detection.
Following GPC clean-up, the purified sample extracts were reduced in volume under
nitrogen gas, transferred into reacti-vials with three rinses of DCM, dried under N2 and re-
dissolved in 50 µl of toluene. Deuterated 17β -estradiol (d4-E2) and/or deuterated estrone
(d4-E1) were added to each sample as internal standard (ISTD) before derivatisation to
account for incomplete acylation and to correct for GC-MS signal suppression or enhance-
ment effects induced by residual components of the original sample matrix. The derivatisa-
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Figure 3.1: Acylation of 17β -estradiol with trifluoroacetic anhydride (TFAA)
tion reaction was undertaken by adding 10 µl of TFAA to the toluene sample extract, mixed
on vortex mixer and left to react for 10 min at room temperature (22 ± 5oC). Following
derivatisation, the sample volume was adjusted with isooctane to a final volume between
500 µl and 1500 µl, depending on the experiment and the expected estrogen concentra-
tions in the sample. The acidic reaction byproducts were neutralised by back extracting
with 2.5 ml of potassium carbonate solution (1.0%) for 30 sec on a vortex mixer. The vials
were placed upright for 15 min to facilitate separation of the organic and aqueous layers.
The upper solvent layer was carefully removed with a Pasteur pipette and passed through
a small column of granular anhydrous sulfate to remove residual water. The derivatised
sample extract was collected in a GC vial, capped with PTFE/silicon septa, and stored at
4oC or -18oC until analysis.
3.4 Analysis of derivatised estrogens by
gas-chromatography mass-spectrometry
3.4.1 Instrument description and acquisition method
The analysis of estrogenic hormones was carried out on an Agilent, 6890N gas-
chromatograph (GC) coupled to an Agilent 5975A inert XL mass spectrometer (MS) and
CTC autosampler. Samples were injected (1-2 µl) into an Agilent split/splitless injec-
tor held at 270oC. Pressure pulse injection using helium as carrier gas was employed to
transfer volatilised analytes onto the analytical column. An initial pressure of 35 psi was
maintained for 1.1 min with a splitless time of 1.0 min, after which a constant carrier gas
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flow rate of 1 ml min−1 was maintained. The injected sample components were separated
on a Zebron ZB 5-MS (28.8 m x 250 µm id and 0.25 µm film thickness) glass capillary
column (Phenomenex NZ). The initial oven temperature was held at 90oC for a 1.5 min.
The oven temperature was then increased to 180oC at 30oC min−1, followed by 5oC min−1
to 236oC, then followed by 15oC min−1 to 320oC where it was held for 5.5 min. The GC-
MS interface was maintained at 280oC. The sample components were ionised by electron
impact ionisation at 70 eV in the mass spectrometer ion source (maintained at 230oC) to
obtain electron impact mass spectra. Spectral data were obtained by synchronous single
ion monitoring (SIM) and total ion spectra (SCAN) (m/z 50-650) for enhanced sensitivity
of target compound analysis, to confirm compound identity by mass spectra library search-
ing and to assess the nature of the sample background signal. The temperature of the mass
spectrometer quadrupole was maintained at 150oC. The mass spectrometer was calibrated
regularly against perfluorotributylamine (PFTBA) using Chemstation autotune function.
The most abundant and characteristic ions of each target compounds were selected as the
quantitation and confirmation ions. These together with the compound retention times are
displayed in Table 3.1.
Table 3.1: Retention times, quantitation and confirmation ions used in SIM mode for the
quantification of the four target compounds by GC-MS.
Compound Retention time [min] Quantitation ion m/z Confirmation ions m/z
17β -estradiol 25.80 464 351, 309
estrone 27.32 366 322, 309
d4-17β -estradiol 25.67 468 355, 311
d4-estrone 27.25 370 324, 311
3.4.2 Quantification method and method validation
Data analysis was carried out using Chemstation Data Analysis software. Target analytes
were quantified using mass isotope internal standard quantification based on the relative
response factor of the ISTD / analyte pairings shown in Table 3.2. For each experiment a
7 to 9-point calibration curve was prepared for all the target analytes between the range of
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1 pg µl−1 to 2000 pg µl−1 and a constant concentration of deuterated ISTD was incorpo-
rated. The resulting internal standard normalised calibration plots were fitted with either
linear or quadratic regression (quadratic terms < 0.04) curves. The calibration curves
typically gave good fits of the target compound responses (R2 > 0.95). Data files were au-
tomatically processed using Chemstation Data Analysis software and peak integration was
visually assessed and if necessary manually adjusted using the Chemstation Data Analysis
QEdit function.
Table 3.2: Isotope dilution quantification with different ISTD / analyte pairings in different
experiments. ISTD followed by an asterix * were added to the sample before ex-
traction.
Experiment considered ISTD / analyte pairing for quantification
Exp. Chapter 4 (soil) d4-E1 / E1 and d4-E2 / E2
Exp. Chapter 5 (soil) d4-E2 / E1, d4-E2 / E2 and d4-E2 / d4-E1
Exp. Chapter 6 (soil) d4-E1 / E1 and d4-E2 / E2
Exp. Chapter 6 (leachate) d4-E1 / E1 and d4-E2* / E2
The method limit of quantification (MLQ) was defined for leachate and soil matrices by
a signal to noise ratio of 10. The MLQ for E1 and E2 was of 1.0 ng l−1 for leachate samples
and of 0.1 ng g−1 for soil samples. Those MLQ were based on a 2667-fold sample con-
centration for leachate samples and 40-fold concentration of the 20 ml soil solvent extracts.
The precision of the analytical instrument was estimated by triplicate injection and
analysis of the same sample. The relative standard error of the mean (RSEM) of the MS
responses (ion abundance) were 3.4 and 3.0% for E2 and E1, respectively. This variation
is accounted and corrected for by the ISTD. Once corrected, the RSEM of E2 and E1
concentrations improved significantly to 0.57 and 0.55% respectively. The precision
of the method was estimated by measuring the error (RSEM) of a fix concentration of
ISTD added before derivatisation for more than 60 samples and was of 1.6 ± 1%. This
error is mainly due to pipetting and sample manipulation after clean-up. Similarly the
error (RSEM) calculated for 84 samples incorporating a fixed concentration of ISTD
added before sample extraction was of 3.0%. This error includes all losses and variations
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introduced by all the sample manipulation steps. This 3% variation is considered as
the analytical error of the method for all sample types. This relatively low error value
demonstrates the importance of incorporating isotopically labelled internal standards in
the analysis of estrogens.
The ISTD recovery in leachate was 41 ± 1% (see Chapter 6). ISTD and estrogen
recoveries from soil samples and leachate samples are discussed in Chapters 4 and 6,
respectively.
3.5 Conclusions
The analytical method chosen to analyse estrogens in this study includes two clean-up
steps, derivatisation of the analytes and analysis by GC-MS. This relatively long proce-
dure was necessary to obtain the required sensitivity to detect environmentally relevant
concentrations in the complex matrices studied. The derivatisation step is sometimes con-
sidered as the major drawback of GC based methods, but the appropriate use of internal
standards overcomes the inaccuracy that this derivatisation step can introduce. Quantifica-
tion was done by mass isotope internal standard quantification, with MQL of 1.0 ng l−1
and 0.1 ng g−1 for leachate and soil samples, respectively. Eventually, the relative error
(RSEM) on the overall analytical method was 3%.
Chapter 4
Method Optimisation for Extraction of
Estrogens from Soil
4.1 Introduction
Estrogen extraction from soil has been reported in several published studies, but very few
of these studies have focussed on method development [18, 184, 240, 244]. In the present
study, an appropriate method to extract estrone and 17β -estradiol from the Templeton
soil was selected and optimised. The choice of the extraction method was based on the
efficiency and cost of the methods and the availability of the required analytical equipment
and facilities. High-pressure microwave digestion or supercritical fluid extraction methods
for example have been shown to be very effective for the extraction of many contaminants
in soil, but were not available for this study. More common extraction methods include
mechanical shaking in solvent, sonication-assisted and Soxhlet extraction. These three
extraction methods were compared in a previous study for their efficiencies to extract
estrogens from sediments [170]. Poor recoveries were reported using mechanical shaking
alone. With Soxhlet extraction the recoveries of 17β -estradiol were not only 50% lower
than with sonication-assisted extraction but also required larger quantities of solvent and
were more time consuming than ultra-sonication extraction [170]. Therefore sonication
was selected in this study as the extraction method for optimisation. Alternatively, in
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order to improve the contact between the soil and the solvent, shaking the samples after
sonication treatment was also assessed.
The first step to optimise the sonication-extraction method was the selection of an ap-
propriate solvent or solvent mixture to extract estrone and 17β -estradiol from field wet soil.
The second step was the optimisation of the number of sonication and shaking repetitions,
as well as the volume of solvent used and the time required. Eventually, the efficiency of
the optimised extraction method was evaluated for a range of different hormone concentra-
tions.
4.2 Materials and methods
4.2.1 The Templeton soil description
The Templeton soil was used for method development and validation, as the same soil was
used in all subsequent experiments. The Templeton soil is a silt loam soil. Some properties
of this soil are presented in Table 4.1 and a detailed description can be found in Appendix
A.2.
Table 4.1: Selected properties of the Templeton soil reported from [6]
Depth [cm] 0.00 - 7.5 7.5 - 20 20 - 30 30 - 40 40 - 70 70 - 80
Texture silt loam silt loam silt loam silt loam sandy loam
Field capacity [% (w/w)] 31.0 31.0 19.0 16.0 13.5
Dry bulk density [g cm−3] 1.09 1.26 1.59 1.70
Macroporosity [%] 10.9 12.7 9.7 5.9
Clay [% of soil] 16 15 16 14 8
Organic C [%] 4.4 3.0 2.0 1.0 0.5 0.3
Organic N [%] 0.29 0.21 0.19 0.08 0.04 0.03
pH (moist soil H2O) 5.4 4.8 5.6 6.4 6.6 6.8
CEC [me. %] 15.8 13.3 11.9 8.5 8.9 7.6
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4.2.2 Soil preparation and sterilisation
The Templeton soil was collected to a depth of 25 cm from the Lincoln University Dairy
Farm (LUDF) at a location that had not previously received application of dairy farm
effluent. The collected soil was stored in a refrigerator (4oC) in a plastic bag for a week
until use. The soil was sieved moist through a 2 mm mesh sieve. Soil moisture was
determined gravimetrically by drying subsamples in triplicates at 100oC to constant
weight. The subsamples were cooled down in a dessicator before weighing.
Sterile soil was obtained by autoclaving 500 g of moist sieved soil in a pre-weighed
1 l glass Schott bottle. The bottle was loosely capped and autoclaved at 121oC (1 bar)
for 1 hour. After overnight incubation at room temperature, which allows the surviving
spores to germinate, the same treatment was repeated the next day. Once sterilisation was
achieved, the bottle was tightly closed and weighed to determine soil moisture. Under
laminar flow and sterile conditions, a subsample of soil was spread on three agar plates to
check for sterility.
4.2.3 Soil spiking with estrogens
The soil spiking procedure was carried out under sterile conditions in a laminar flow cab-
inet. All the material used for spiking was autoclaved and sprayed before use with 80%
ethanol solution. Soil was spiked to a concentration equivalent to 1 µg g−1 of dry soil with
17β -estradiol and estrone using acetone as carrier solvent. In a large beaker, 183.5 µl of
1 mg ml−1 E1 and E2 stock solution was added to 10 ml of acetone. About half of the
sterile soil was added and thoroughly mixed with a metallic spatula. The same procedure
was applied to the remaining soil and both halves mixed together for 15 min. The beaker
was loosely covered with aluminium foil and left for 24 hours under laminar flow to evapo-
rate the acetone. Soil moisture (22%) was measured gravimetrically on subsamples, while
other subsamples were spread aseptically on three agar plates to check for sterility. Even-
tually the spiked soil was transferred into two 1 l Schott bottles, one for each experiment,
and the caps closed tightly. The spiked soils were incubated at 20oC for two weeks to age
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the spiked estrogens.
4.2.4 Extraction efficiency of different solvents
A mass of 6 ± 0.006 g of spiked and aged soil was weighed into 30 ml Kmax glass tubes
with PTFE caps and 10 ml of solvent or solvent mixture were immediately added to each
set of triplicate treatment tubes. The following solvents were tested: (A) Dichloromethane
(DCM), (B) Dichloromethane:acetone (1:1)/NaCl (0.1 M) in MilliQ water (3/5), (C)
Ethylacetate, (D) Isopropanol:water (1:1), (E) Methanol:acetone (1:1).
The samples were extracted in a sonication bath (Sonorex Digital 10P) for 10 min at
25oC at the maximal power (10x) followed by shaking for 30 min at 235 rpm on a flat bed
shaker (IKA KS501). After shaking, the tubes were centrifuged at 3500 rpm for 10 min at
15oC (Hettich Rotanta 460R), the solvent was decanted into a 250 ml round bottom flask
or Schott bottle. For the dichloromethane:acetone:NaCl treatment a Pasteur pipette was
used to remove solvent from the aqueous sodium chloride solution. The whole extraction
procedure was sequentially repeated 3 times for each treatment.
The solvent was evaporated with a rotovapor (Bu¨chi, Vacuum controller V-800) and
the samples redissolved in 1 ml of hexane:acetone (65:35). The removal of water residues
from the dichloromethane:acetone:NaCl treatment samples was achieved by the addition
of ethanol and toluene to form an azeotrope that removed water residues during rotary
evaporation.
A different procedure, based on a modification of the method published by Bossio et
al. [27] was employed for the concentration of the isopropanol:water (1:1) soil extracts.
The decanted isopropanol:water extract was combined with 170 ml of phosphate buffer
(1% dipotassium phosphate and 0.7% potassium dihydrogen phosphate, pH 7.0) in a
250 ml Schott bottle. The buffer diluted sample extracts were extracted using OASIS
HLB cartridges (OASIS HLB 500 mg, Waters, Auckland, NZ). Before use, the OASIS
SPE cartridges were washed with dichloromethane:diethylether (4:1) + 2% methanol and
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conditioned with 10 ml of methanol and 10 ml of MilliQ water. The buffered sample
extracts were passed through the OASIS SPE cartridges at a flow rate of 5 - 10 ml min−1,
together with three 10 ml MilliQ water rinses of the glass Schott bottle. The SPE cartridges
were dried under full vacuum for 10 min, followed by drying under a positive pressure of
nitrogen gas (30 psi). Estrogens were eluted from the SPE cartridges under gravity with
dichloromethane:diethylether (4:1) + 2% methanol and passed through granular sulfate
anhydrous to remove any residual water. The solvent was evaporated under N2 and the
sample redissolved in 1 ml of hexane:acetone (65:35).
The concentrated sample extracts were cleaned-up using silica-gel adsorption chro-
matography and GPC, before derivatisation and quantification by GC-MS as described in
Chapter 3.
4.2.5 Optimisation of the extraction conditions
A similar extraction procedure as described in Section 4.2.4 was applied to optimise the
number of sonication and shaking treatment repetitions, as well as the volume of iso-
propanol:water mix (1:1). One, two and three consecutive sonication treatments were
tested with or without 30 min of shaking (at 235 rpm) in between each sonication treatment.
Each extraction repetition was carried out using 10 ml of solvent. The parameters used for
each extraction are described in Table 4.2. It is worth noting that a larger proportion of
alcohol was used in the first extraction and that the third repeat extraction was carried out
at higher temperature to improve extraction of persistent residues. The isopropanol:water
soil extracts were obtained using the sonication, SPE concentration and silica clean-up
procedures described in Section 4.2.4.
Table 4.2: Parameters of each sonication treatment repetition
# repetition Isopropanol:water Bath temp. [oC] Sonication time [min]
1st repetition 4:1 25 15
2nd repetion 1:1 25 10
3rd repetition 1:1 55 10
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4.2.6 Extraction method recovery
In order to assess the method recovery, unspiked and non sterile Templeton soil was pre-
pared as described in Section 4.2.2. In triplicate Kmax tubes 6 ± 0.006 g of moist soil was
spiked with 50 µl of 17β -estradiol and estrone in acetone at a rate of 10, 100 and 500 ppb
without carrier solvent and the soil stirred with a spatula before extraction. The 50 µl of
solvent used for spiking was considered small enough to have negligible effect on sam-
ple extraction. Each sample was processed by two successive sonication treatments using
the isopropanol:water mix (1:1) and each sonication treatment was followed by 30 min of
shaking (see Table 4.2 and Section 4.2.5). A blank sample without soil, as well as an un-
spiked soil sample were prepared in triplicate as method controls. Two internal standards
(d4-E1 and d4-E2) were added to the solvent soil extract after sample clean-ups and before
derivatisation to account for incomplete derivatisation reaction. The concentration of the
spiking solutions were confirmed by GC-MS to quantify recovery. The soil moisture was
measured in triplicate to report results as the soil dry weight equivalent. This experiment
was specifically designed to determine the recovery of freshly spiked analytes and does not
account for reduced analyte extraction due to ageing effects.
4.2.7 Statistical analysis of the data
In order to determine if statistically significant differences exist among treatments, F-tests
were carried out. The null hypothesis (the variance between treatments are equal to the
variance within treatments) was tested against the hypothesis that the variance between
treatments was larger than within treatments. It was assumed that the data were coming
from a normally distributed population and were unpaired. The resulting P−value is the
confidence with which the the null hypothesis can be accepted. If the null hypothesis was
rejected, a Student-Newman-Keuls (SNK) procedure was carried out to compare means
two by two. The SNK test is more resistant to false positive than a series of t-tests, because
it uses a ”stretched” least significant difference (LSD). The results were confirmed by the
overlapping of the 95% confidence intervals.
46 Method Optimisation for Extraction of Estrogens from Soil (Chapter 4)
4.3 Results and discussion
4.3.1 Soil sterilisation
Any sterilisation method alters the chemical or physical properties of soil to some extent, as
discussed in several papers [222, 238, 213]. The most widely used sterilisation technique is
autoclaving as the necessary equipment is available in most laboratories. In this study, after
a non conclusive attempt at sterilisation by dry heat, autoclaving was chosen as the best
available option to sterilise the Templeton soil. The agar plates containing the autoclaved
soil spread after the whole spiking procedure remained completely sterile after 3 months
of incubation at 25oC. It has been demonstrated that autoclaving destroys soil structure,
can lead to a decrease of the surface area of clays, and can alter the surface charge of
sandstone [107, 222]. The soil chemical and physical changes caused by autoclaving may
have altered the sorption properties of the Templeton soil towards estrogens, but this should
not have altered the relative results of the extraction methods being compared.
4.3.2 Soil spiking
A successful spiking is characterised by the homogenous and total distribution of the
spiked compounds in the soil. The spiking of hydrophobic compounds in wet soil is more
difficult, but is preferred to the drying and rewetting of soil, which introduces a lot of
undesired modifications to the soil sorption properties [164]. The use of a water miscible
carrier solvent, like acetone, allows a better distribution of the spiked compounds in field
wet soils. The disadvantage of using a carrier solvent is ensuring it is completely removed,
as residues can alter the partitioning behaviour of spiked compounds and the function of
soil microbial communities [164].
Acetone was chosen as carrier solvent in the present study because it readily dissolves
estrogens and evaporates relatively quickly. It has been previously demonstrated that 24
hours of evaporation under laminar flow removed 99% of the acetone used as a carrier
solvent to spike PAHs in soil [163]. The use of blenders to mix the Templeton soil were
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unsuccessful, because the soil was compacted at the base of the blender or was ground too
finely. Therefore thorough mixing by hand was preferred.
Spiking homogeneity could not be assessed separately in this experiment, as the rela-
tive standard deviation between replicates depended on the total extraction method from
spiking to quantification. However the relative standard deviations between triplicates var-
ied from 0.2% to 8.7% when using the same solvent but different extraction repetitions,
suggesting the spiking procedure contributed no more than 8.7% variation which is con-
siderably less than the 20% defined as acceptable [164, 81].
4.3.3 Extraction efficiency of different solvents
The aim of this experiment was to compare different solvents/mixtures for their efficiency
to extract estrone and 17β -estradiol from the Templeton soil. Dichloromethane, ethyl
acetate, acetone:methanol (1:1) and dichloromethane:acetone:NaCl mixtures were chosen
because they have previously been used to extract estrogens from soil or sediments
[135, 192, 244, 12, 170]. Because it was reported elsewhere [12] that ethyl acetate and
the acetone-methanol (1:1) mixture were equivalent or more effective than acetone or
methanol alone to extract estrogens from sediments using ultrasonic-assisted extraction,
the two latter solvents were not evaluated separately. Isopropanol:water mix has been used
successfully to extract herbicides from soil and was chosen as an extra mixture to be tested
in the present study [27, 177, 122]. The chosen solvents cover a wide range of polarities
and other properties that can potentially affect their efficiency in extracting hormones from
soil (Table 4.3). This investigation was completed using spiked and aged soils, to account
for the increasing resistance to extraction resulting from ageing.
Figure 4.1 shows the relative extraction efficiency of the six solvent/mixtures tested.
Isopropanol:water (1:1) provided superior recovery of both 17β -estradiol and estrone
compared to the other solvents. The results of the F-test carried out on all treatments sug-
gests the observed differences were not due to random variation. The results of the SNK
test, which identifies differences among pairs of treatments, are presented in Figure 4.2.
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Table 4.3: Selected properties of the solvents used for estrogen extraction from soil reported
from [5, 4]
Solvents Polarity index Miscible Density Boiling point
in water [g cm−3] oC
Acetone 5.1 yes 0.79 56.5
Dichloromethane 3.1 no (13 g l−1 at 20oC) 1.33 40.0
Ethyl acetate 4.4 no (8.3 g l−1 at 20oC) 0.90 77.1
Isopropanol 3.9 yes 0.79 82.3
Methanol 5.1 yes 0.79 64.7
Water 10.2 - 1.00 100
The results confirm that the recoveries of both hormones were statistically higher when
the soil was extracted with the isopropanol:water mix. Lower recoveries were obtained for
the other solvents without distinction, except DCM which seems to extract significantly
more E1 than ethyl acetate, acetone:methanol and dichloromethane:acetone:NaCl.
The efficiency of non water-miscible solvents, like dichloromethane and ethyl acetate,
is known to decrease with ageing, which might explain the observed lower recoveries
[58]. A possible reason for the mix of alcohol and water to be more successful is that
it penetrates well into wet soil, while having the right polarity to dissolve the slightly
hydrophobic estrogens.
A good extraction solvent or mixture is one that also produces less co-extractives and
few matrix interferences. When cleaning the derivatised extract with the K2CO3 solution
(1%), a thick layer of co-extractive emulsion was produced by the ethyl acetate extracts.
Extra solvent had to be added in order to provide suitable volume of extract for GC-MS
analysis, which compromised analyte concentration. Similarly, after soil extraction with
the DCM:acetone/NaCl mixture, precipitation of co-extracted substances occurred at the
solvent-aqueous phase interface which was difficult to avoid when pipetting.
One disadvantage of using the isopropanol:water (1:1) mix is it requires a further SPE
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Figure 4.1: Comparison of the efficiency of the five different solvents/mixtures tested to ex-
tract estrone and 17β -estradiol from soil. (A) Dichloromethane (DCM), (B)
DCM:acetone (1:1)/NaCl (0.1M) in MilliQ water (3/5), (C) Ethylacetate, (D) Iso-
propanol:water (1:1), (E) Methanol:acetone (1:1). Error bars represent the stan-
dard error of the mean.
17β-estradiol Isoprop/water DCM Ethylacetate MeOH/Acet DCM/Acet/NaCl
I I I I I
α β β β β
estrone Isoprop/water DCM Ethylacetate DCM/Acet/NaCl MeOH/Acet
I I I I I
α β γ γ γ
Figure 4.2: Results of Student-Newman-Keuls (SNK) statistical test for the different solvents
tested. Considering each compound separately, treatments having the same Greek
letter are not statistically different. Treatments are classified from left to right
according to their corresponding decreasing recovery.
step to recover and concentrate the analytes from the isopropanol/water mix. This is a
time-consuming step, but it also provided a higher degree of co-extractives removal and
a cleaner final extract. A clean extract generally produces less matrix interferences and
improves the sensitivity of the method. Figure 4.3 shows a total ion GC-MS chromatogram
of an isopropanol:water extract that demonstrates the extract is free of matrix interferences
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Figure 4.3: Total ion GC-MS chromatogram of a sample extracted with isopropanol:water
mix (1:1).
that can affect the quantification of the target compounds E2 and E1.
Only the comparative recoveries were considered in this experiment, mainly because
the absolute recovery depends on the length of the ageing period and because the soil was
autoclaved. Autoclaving the soil might have changed its sorption properties and therefore
any interpretation of the absolute recovery of the hormones has to be considered carefully.
The isopropanol:water (1:1) mix was considered the best extraction mix to extract 17β -
estradiol and estrone from the Templeton soil, among the 5 tested, and was therefore used
in all subsequent experiments.
4.3.4 Optimisation of the extraction conditions
In this experiment the number of sonication and shaking repetitions were optimised
by taking into account the extraction recovery, the volume of solvent and the time for
sample preparation. The efficiency of the six different treatments to extract estrone and
17β -estradiol from the Templeton soil are shown in Figure 4.4.
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Figure 4.4: Extraction recoveries of estrone and 17β -estradiol (a) 1x sonication, (b) 2x soni-
cation, (c) 3x sonication, (d) 1x sonication+shaking, (e) 2x sonication+shaking, (f)
3x sonication+shaking. Error bars represent the standard errors of the mean.
17β-estradiol 3x sonic+shak. 2x sonic+shak. 3x sonic 1x sonic+shak. 2x sonic 1x sonic
I I I I I I
α αβ αβγ αβγ βγ γ
estrone 3x sonic+shak. 2x sonic+shak. 3x sonic 1x sonic+shak. 2x sonic 1x sonic
I I I I I I
α αβ αβ βγ γ δ
Figure 4.5: Results of Student-Newman-Keuls (SNK) statistical test. Considering each com-
pound separately, treatments having the same Greek letter are not statistically
different. Treatments are classified from left to right according to their corre-
sponding decreasing recovery.
A statistical F-test comparing estrogen recovery by sonication and combined son-
ication+shaking showed a 30 min period of shaking following sonication significantly
increased hormone recovery, regardless of the number of repeated sonication extractions
(P−value = 0.01). A similar test comparing the differences between the number of
repetitions (1x versus 2x versus 3x repetitions) indicated that the increasing number of
repetitions, whatever the treatment considered, statistically increases estrogen recovery
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(P−values < 0.05). In order to compare all the tested treatments a two by two SNK test
was performed and the results are presented in Figure 4.5.
Overall a statistically greater recovery of estrogens was obtained by repeating soni-
cation+shaking extraction of the soil three times. However, analyte recovery is not the
only factor to consider when selecting an optimal extraction method. The choice also
depends on the importance given to each of the three factors: recovery, volume of solvent
and processing time. Both the volume of solvent and the time required to process sam-
ples should be minimised without significantly affecting the recovery of the target analytes.
Table 4.4: Total volume of solvent and time required for each extraction depending on the
number of extraction repetitions and if sonication or combined sonication+shaking
is used.
Nb of extraction repet. 1x 2x 3x
volume of time volume of time volume of time
Type of extraction solvent solvent solvent
Sonication 10 ml 15 min 20 ml 25 min 30 ml 35 min
Sonication + shaking 10 ml 45 min 20 ml 85 min 30 ml 125 min
Table 4.4 summaries the volume of solvent necessary for a single sample, as well as
the time taken to extract a batch of samples. To help identifying the optimum number
of extractions, a ranking procedure is proposed. The 3 parameters were ranked between
0 and 1, 0 being the best option and 1 the worst option, as shown in the upper part of
Table 4.5. The ranking was done using the following relation:(b− x)/(b−w), with b
and w the ”best” and ”worst” options and x the number to be ranked. A weight can be
attributed to each three factors, recovery (wr), solvent, (ws) and time (wt). An index Iy was
calculated from the sum of the weighted values Vx,y wy for each treatment (see Eq. 4.1).
For a certain set of weights, the best treatment is the one that has the smallest index value
(Eq. 4.1). Table 4.5 shows the weight combinations of the three factors for each extraction
method and which identifies treatment ”e” (2x sonication+ shaking) the most appropriate
treatment. A similar but more extensive Table can be found in Appendix A.3, which shows
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the impact of the different weight combinations on the treatment choice. In the present
study, higher importance was placed on analyte recovery than time and volume of solvent,
in the assessments shown in Table 4.5. Therefore the 2x sonication+shaking treatment
ranked as the best option and was adapted as the standard method in all further extractions.

Va,r wr +Va,s ws+Va,t wt = Ia
Vb,r wr +Vb,s ws+Vb,t wt = Ib
... ... ...
Vf ,r wr +Vf ,s ws+Vf ,t wt = I f
and
min(Ia, Ib, Ic, Id, Ie, I f ) = Ioptimum (4.1)
Table 4.5: Ranking and weighting of the three factors (recovery, volume of solvent and time)
as a tool to choose the appropriate treatment.
Vx,y 1x sonic. 2x sonic. 3x sonic. 1x sonic.+ 2x sonic. 3x sonic.
+ shak. + shak. 3+ shak.
(a) (b) (c) (d) (e) (f)
Recovery (r) 1.0 0.7 0.2 0.5 0.2 0.0
Solvent vol. (s) 0.0 0.5 1.0 0.0 0.5 1.0
Time(t) 0.0 0.1 0.2 0.3 0.6 1.0
Index Ia Ib Ic Id Ie I f
weight (wr/ws/wt )
3/1/1 3.0 2.6 1.9 1.8 1.7 2.0
4/2/1 4.0 3.8 3.1 2.4 2.3 3.0
6/3/1 6.0 5.6 4.6 3.4 3.2 4.0
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4.3.5 Extraction method recovery
The efficiency of the selected method (see Section 4.3.4) was determined by measuring
the extraction recovery of estrone and 17β -estradiol from freshly spiked non sterile soil.
Figure 4.6 shows the recoveries of both hormones at three spiking concentrations. The
consistency of compound recovery across the different concentrations was statistically
confirmed (with a P−value of 0.58 and 0.82 for E2 and E1, respectively). However a
significantly different recovery was observed for E1 and E2. The two possible explanations
for the systematic higher recovery of E1 in comparison with E2 are that E2 is more diffi-
cult to extract than E1, and/or that E2 partially degrades into E1 during sample preparation.
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Figure 4.6: Estrone and 17β -estradiol recoveries from freshly spiked soil at different spiking
concentrations. The error bars represent the standard errors of the mean.
The recoveries were calculated against the concentrations of the spiking solution mea-
sured by GC-MS to improve accuracy and the recoveries were corrected for background
concentrations or interferences. The background and interferences were measured in
triplicate control samples with no soil and no spike, or with unspiked soil. In these 2 sets
of triplicate control samples, background concentrations of the target compounds were not
negligible, especially for E1, and were highly variable (see Table 4.6). These residues may
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originate from cross contamination between two samples during the sample preparation
in this particular experiment, or from matrix interferences. The hypothesis of cross
contamination is supported by results from a subsequent experiment, in which background
concentrations measured in 56 soil samples were found to be much lower (see Table 4.6
and Chapter 6) and comparable to the method detection limit of 0.1 ng g−1 (see Chapter 3).
Table 4.6: Background concentrations or interferences in control samples, with and without
soil, measured in this experiment (set of 3 samples) and in another experiment (see
Chapter 6) (set of 56 samples).
Background conc. [ppb] No soil, No spike Soil, No spike Soil, No spike
(3 samples) (3 samples) (56 samples)
E2 0.37 ± 0.37 0.39 ± 0.21 0.09 ± 0.05
E1 5.56 ± 4.97 3.73 ± 2.86 0.08 ± 0.04
The average recovery measured for 17β -estradiol and estrone in this experiment were
47 ± 2 and 80 ± 5% respectively (Fig. 4.6). These values suggest the recovery for
17β -estradiol obtained by this method is relatively low. Low recoveries can result from
poor extraction efficiency or compound loss during sample preparation. Estrogens are
known to be sensitive to light and therefore photodegradation can be a source of compound
loss [249]. Because of the long clean-up procedure, the potential for degradation resulting
from exposure to light is high, and not always avoidable. Another known source of
estrogen loss is sample concentration under nitrogen gas [103]. Three solvent exchanges
involving solvent evaporation under N2 are necessary in this method. In order to reduce
the risk of analyte loss during sample concentration under nitrogen gas, a low flow rate
was used and the samples were not left dry. However exposure to light during these
steps was not avoidable. Each clean-up step (SPE, silica gel and GPC) and each transfer
step can also be a potential source of reduced recoveries. Incomplete derivatisation and
ionisation, as well as matrix effects are accounted for by the internal standard and should
therefore not affect the absolute recovery of the target analytes. To determine where the
losses came from, the recoveries of each individual clean-up step should be measured.
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Few publications report recoveries of E2 and E1 from soil using shaking or sonication
extraction methods and GC-MS for quantification. Extraction efficiencies can depend
on the type of soil, its moisture content, the spiking concentration, the type of solvent
used, the extraction method used and the range and type of compounds to be extracted.
Stanford and Weinberg [210] have measured E2 and E1 recoveries on freshly spiked soil
(10 ppb) extracted for 1 h in a sonication bath with acetonitrile (1:1). The extraction was
followed by a concentration step, clean-up by silica gel and derivatisation. They obtained
recoveries ranging from 50 to 54% for both hormones in field moist soil [210]. Xu et
al. [240] developed a method suitable for the quantification of a wide range of EDCs
using sonication-assisted extraction, followed by sample concentration, SPE clean-up and
derivatisation. Estrone recoveries were approximately 80% for soil spiked at 100 ppb
and ranged between 50 and 75% for a 5 ppb spike, but no data were provided for E2
in that study. Xuan et al. [241] extracted E1 and E2 from soil using a mix of acetone
and anhydrous Na2SO4. The soil-solvent mix was shaken for 30 min and the extraction
repeated 2 times. The combined sample extracts were dried, redissolved in methanol
(5 min in sonication bath), centrifuged and the supernatant was analysed by HPLC without
further clean-up steps. They recovered 87 ± 6 and 98 ± 8% of E2 and E1 respectively for
a 540 ppb spike [241].
4.4 Conclusions
A sonication-extraction method to extract 17β -estradiol and estrone from the soil stud-
ied was tested and optimised. Among the five solvents or solvent mixtures tested, iso-
propanol:water (1:1) mix gave the highest recoveries for both hormones from spiked and
aged soil. The use of this solvent requires a SPE extraction step, which increases the sample
handling time, but produces clean sample extracts with reduced matrix interference. The
number of repetitions of the sonication treatment alternatively followed by shaking were
also assessed, each repetition having slightly different parameters. The choice of the appro-
priate number of repetitions with or without shaking, was based on the relative importance
57 Method Optimisation for Extraction of Estrogens from Soil (Chapter 4)
of the three following factors: recovery, necessary volume of solvent and time required. For
the present study, prime importance was placed on maximising the recovery of E2 and E1
and minimising the volume of solvent. The treatment involving two sonication repetitions
followed by shaking was identified as the best option. By using the optimised conditions,
method recoveries of 47 ± 2 and 80 ± 5% were obtained for 17β -estradiol and estrone
respectively on freshly spiked soil over a range of spiking concentrations. The determina-
tion of the extraction recoveries of each hormone was necessary for robust quantification
of 17β -estradiol and estrone, while investigating the fate of estrogens in soil.
Chapter 5
Dissipation of Estrogens in the Soil
5.1 Introduction
The focus of this Chapter is the study of the dissipation of estrogens in the Templeton soil,
which has been carried out using the optimised estrogen soil extraction method presented
in Chapter 4. An incubation experiment was completed in the laboratory to study the
dissipation of estrone and 17β -estradiol in the Templeton soil under controlled conditions.
The incubation conditions were chosen to mimic the field conditions as much as possible,
so that the data will provide a better understanding and help model the fate of estrogens in
the soil under field conditions (see Chapter 6).
5.2 Materials and methods
5.2.1 Soil preparation
Collection, storage and preparation
The Templeton soil was collected on the Lincoln University Dairy Farm (LUDF) at a site
where no effluent had been applied before. The soil was collected from two different
depths, 5-10 cm and 30-35 cm, and kept separately. The soil was sieved moist through a
2 mm mesh sieve and stored in a refrigerator (4oC) for 3 days before the start of the exper-
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iment. The soil moisture content for both layers was determined and adjusted gravimetri-
cally to field capacity (29.7% and 17.9% (w/w) for the top and bottom layer, respectively)
with distilled water. The equivalent of 100 g of dry soil of each layer was put separately
in a 500 ml glass jar in three replicates. The jars were covered with a plastic lid in which
holes were made to allow soil aeration, and placed overnight in the dark, in an incubator at
8 ± 1oC.
Soil spiking
The spiking procedure was slightly different from the one described in Section 4.3.2. The
presence of acetone, used as carrier solvent for spiking, could alter the dissipation and
partitioning of estrogens in soil and it takes a minimum of 24 hours for the acetone to
evaporate [163]. Moreover, the dissipation of estrogens was expected to be the most im-
portant within the first 24 hours, therefore it was decided to spike the soil without carrier
solvent [163]. The equivalent of 100 g of dry soil was spiked with 100 µl of 1.0 mg ml−1
E2 and 1.0 mg ml−1 deuterated estrone (d4-E1) in acetone to obtain a final concentration
of 1 µg of each hormone per g of dry soil. Deuterated estrone was used in order to distin-
guish between initially spiked d4-E1 and E1 produced as a degradation product of E2. The
soil was mixed thoroughly for a minimum of two minutes using a large metallic spatula. A
subsample was taken after spiking for the measurement of the initial concentration at time
zero. The spatula was cleaned and rinsed with acetone between each new spiking.
5.2.2 Experimental set-up and sampling
Incubation set-up
After spiking, the jars were incubated at 8 ± 1oC. A temperature of 8oC was chosen be-
cause it corresponds to the average winter soil temperature at Lincoln [1] and the aim
of this experiment was to study the dissipation of estrogens under winter conditions. A
thermometer plunged into a beaker of water in the incubator was used to check that the
temperature was stable over the whole incubation period. The incubation lasted for 92
days, for consistency with the transport experiment presented in Chapter 6.
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Figure 5.1: Mean soil moisture variation (n=3) during the incubation period for each soil layer
(5-10 cm and 30-35 cm). The error bars represent the standard error of the mean.
Soil moisture monitoring
The soil moisture was monitored during the whole incubation period and maintained close
to its initial level. Soil moisture was adjusted gravimetrically with distilled water and
the soil was then thoroughly mixed. Figure 5.1 shows the soil moisture variation during
the incubation period. The smaller the volume of soil remaining in the jar the faster the
soil moisture decreased. The maximum variation was less than 3% for the top layer and
approximately 4% for the bottom layer.
Sampling
Ten sampling events took place during the incubation period, including the sampling at
time zero. Soil moisture was always readjusted before a sampling event. At each sampling,
6 ± 0.005 g of moist soil from each of the 6 jars were put in a separate plastic vial and
stored in a freezer at −18 oC. A subsample of 6 g was chosen as the largest possible soil
mass that could be sampled to allow sufficient detection of estrogens and to minimise the
variation between each sampling. A larger sample volume would have required a larger
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amount of soil in each jar, which would have made the spiking homogeneity more difficult
to obtain.
5.2.3 Extraction and analysis
At the end of the incubation period, the subsamples were thawed and extracted according
to the procedure described in Chapter 4, using an isopropanol-water mix and a sonication-
extraction method. Sample clean-up and analysis were carried out as described in Chapter
3, using silica gel, GPC, derivatisation and gas-chromatography mass-spectrometry. The
results were used to calculate the remaining hormone concentration in the soil, based on
the corresponding dry soil weight and taking into account the extraction method recovery
for each hormone (see Section 4.3.5). The concentrations of d4-E1 and E2 are reported as
relative concentrations (C(t)/C0), with C(t) and C0 the total extractable concentration at
time t and time zero, respectively.
5.2.4 Model description of the data
Two kinetic models were chosen to describe the data, a simple first-order exponential
decay model and an availability-adjusted model [231, 241]. Both models were fitted to the
data using the SigmaPlot software fitting procedures. Standard errors for all parameters
were obtained, as well as the adjusted coefficients of correlation R2ad j. for each fit. The
calculations of errors for the DT50 and a/k′′ ratio are described in Appendix A.1.
The first-order exponential decay model with two parameters has the form:
C(t) =C0 e−kt (5.1)
where C(t) is the relative total remaining concentration of hormones in soil at time t
[days], C0 is the initial relative concentration C(t = 0) at time zero and k [days−1] is the
first-order dissipation constant. The half-life (DT50) [days] of each hormone was calculated
as follow:
62 Dissipation of Estrogens in the Soil (Chapter 5)
DT50 =
ln(2)
k
(5.2)
The first-order availability-adjusted model is a two-compartment model representing,
in this case, a sorbed and a soluble phase [231, 241]. The underlying concept of this
model is that only the soluble target compounds, not sorbed to the soil, are available for
degradation. Therefore, the degradation rate of the target compound is directly proportional
to the concentration of the non-adsorbed fraction of this compound in the soil, which is
described by:
dC
dt
=−kλC (5.3)
where C is the relative total remaining concentration of the compound in the soil, k
[days−1] is the first-order dissipation constant and λ is the molar ratio of non-sorbed to
total remaining concentration of the target compound at time t [days]. Assuming that the
soluble compounds become gradually unavailable to degradation over time, the molar ratio
of non-sorbed to total compound decreases, according to:
λ (t) = λ0 e−at (5.4)
where a [days−1] is the decrease rate constant of λ (t) over time and λ0 the value of
λ (t) at time zero. After the substitution of Eq. (5.4) into Eq. (5.3) and integration of the
resulted equation, we obtain Eq. (5.5) describing the availability-adjusted model:
C(t) =C0 e
(
− k′′a (1−e−at)
)
(5.5)
with
k′′ = kλ0 (5.6)
In this model the half-life (DT50) of each compound is obtained by:
DT50 =−1a ln
(
1− ln(2)a
k′′
)
(5.7)
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In order to describe the dissipation of estrone as a degradation product of 17β -estradiol,
the following system of equations, derived from the first-order exponential decay model,
was solved:

dCE2
dt = −k2 CE2
dE1
dt = −k1 CE1+ k2 CE2
where CE1 and CE2 are the relative concentrations of estrone and 17β -estradiol respec-
tively, which are a function of time, and k1 [days−1] and k2 [days−1] are the degradation
rate constants for E1 and E2, respectively. This assumes that any dissipation of E2 concen-
tration results in the production of E1. Once the system is solved, we get:
CE1(t) =
(
CE1,0(t)− k2 CE2,0k1− k2
)
e−k1t +
(
k2 CE2,0
k1− k2
)
e−k2t (5.8)
where CE1,0 and CE2,0 are the initial concentrations of estrone and 17β -estradiol, re-
spectively, at time zero.
A similar expression could not be found for the availability-adjusted model. However
a numerical solution was found using a Runge-Kutta method (MATLAB) for the following
deferential equation, derived from the availability-adjusted model:
dCE1
dt
=−k1CE1 e−a1t + k2 e−a2t CE2,0 e−
k2
a2
(1−e−a2t) (5.9)
with a1 and a2 the dissipation rate of the molar ratio of non-sorbed to total compounds
for E1 and E2, respectively.
5.2.5 Statistical analysis of the data
In order to determine if the four different treatments were statistically different, separate
fits were performed on each three replicates for the four treatments (2 compounds x 2 soil
depth). A two-tailed t-test was performed, on each parameter of the fit, to compare the four
populations (treatments) of three values (replicates). It was assumed that the data were
normally distributed in order to perform this test. The difference between the treatments
was declared significant if the P-value < 0.05.
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5.3 Results and discussion
5.3.1 Dissipation of d4-estrone and 17β -estradiol
The dissipation of 17β -estradiol and d4-estrone in the Templeton soil is shown in
Figure 5.2 and 5.3. The data points represent the total remaining concentration of each
hormone in the soil over time. Figure 5.2 and 5.3 show that in both soil layers the
dissipation of d4-E1 and E2 was fast. With the extraction method used, both soluble
and reversibly sorbed hormones were extracted together. The observed dissipation can
therefore result from the degradation of the target compounds or from the formation of
unextractable residues. Microbial degradation is usually considered as the main cause of
17β -estradiol and estrone degradation in soil [244, 41, 37, 241], but abiotic degradation
of those compounds in soil and formation of bound residues have also been reported
[41, 105, 60]. The parameters derived from the simple first-order exponential decay model
and the availability-adjusted first-order decay model are presented in Table 5.1 and 5.2.
Table 5.1: Simple exponential dissipation model parameters (± standard error of the mean).
Values within a row followed by a different letter are significantly different
(P < 0.05).
Treatment d4-E1 (5-10 cm) d4-E1 (30-35 cm) E2 (5-10 cm) E2 (30-35 cm)
Co [-] 1.02 ± 0.03 a 0.98 ± 0.02 a 1.14 ± 0.09 a 0.90 ± 0.04 a
k [d−1] 0.91 ± 0.09 a 1.22 ± 0.11 a 2.09 ± 0.69 a 2.08 ± 0.41 a
DT50 [d] 0.76 ± 0.07 0.57 ± 0.05 0.33 ± 0.11 0.33 ± 0.07
R2 / adjusted R2 0.994 / 0.993 0.994 / 0.994 0.943 / 0.935 0.980 / 0.978
χ2 6.8 x 1078 1.1 x 1078 3.5 x 1032 7.3 x 1044
An R2 value close to 1 indicates that the model gives a good description of the data.
The adjusted R2 values give similar indication while taking into account the number
of parameters in the model. Despite the availability-adjusted model having one more
parameter, the adjusted R2 values are smaller than those from the exponential decay
model (Table 5.1 and 5.2). The large χ2 values associated with the exponential model
however reflect the lack-of-fit of the exponential model over the 92 days, unlike the
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Table 5.2: Availability-adjusted dissipation model parameters (± standard error of the mean).
Values within a row followed by a different letter are significantly different
(P < 0.05).
Treatment d4-E1 (5-10 cm) d4-E1 (30-35 cm) E2 (5-10 cm) E2 (30-35 cm)
Co [-] 0.85 ± 0.13 a 0.96 ± 0.07 a 0.95 ± 0.09 a 0.79 ± 0.02 b
k′′ [d−1] 1.19 ± 0.11 a 1.10 ± 0.08 a 2.21 ± 0.22 b 1.68 ± 0.11 c
a [d−1] 0.30 ± 0.02 a 0.25 ± 0.02 a 0.43 ± 0.04 b 0.32 ± 0.020 c
a/k′′ [-] 0.25 ± 0.04 0.23 ± 0.03 0.20 ± 0.04 0.19 ± 0.02
DT50 [d] 0.64 ± 0.02 0.69 ± 0.02 0.34 ± 0.02 0.44 ± 0.03
R2 / adjusted R2 0.716 / 0.635 0.870 / 0.835 0.945 / 0.930 0.764 / 0.696
χ2 0.26 0.12 0.17 0.04
availability-adjusted model which has small χ2 values. Moreover, the standard errors of
the parameters are smaller for the availability-adjusted model than for the exponential
decay model (see Table 5.1 and 5.2). In some cases, the availability-adjusted model failed
to describe the first data points, but fit the second part of the curve (after three days)
relatively well (see Fig. 5.2 and 5.3). A reason for this is discussed later. The exponential
decay model, however, described the first part of the curves better in some cases but
reached the zero point too quickly and failed to describe the second part (after three days)
correctly (see Fig. 5.2 and 5.3).
By plotting the data on a log scale on y axis over linear time it appears that the data
points between 6 and 92 days clearly deviated from the exponential function fitted to the
first five data points (from day 0 to day 3) (see Fig. 5.4). This confirms the previous
observation that the simple exponential model can only describe the data well until day 3.
For both hormones the concentrations even at day 92 were largely above the method limit
of quantification (0.1 ng g−1) and therefore the plateau cannot be explained by a lack of
sensitivity of the method.
One explanation for the observed data deviating from the exponential model over
time is that the hormones were increasingly unavailable for degradation. As suggested
by Xuan et al. [241], if the hormones sorbed to the soil were unavailable to the microbes
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Figure 5.2: Relative concentration of d4-E1 in soil over time [days]. The exponential decay
model and availability-adjusted model were used to describe the curves. Error
bars represent the standard error of the mean. Only the first seven measurements
out of ten are shown for clarity, but the whole set of data is shown in Appendix
A.4.
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Figure 5.3: Relative concentration of E2 in soil over time [days]. The exponential decay model
and availability-adjusted model were used to describe the curves. Error bars rep-
resent the standard error of the mean. Only the first seven measurements out of
ten are shown for clarity, but the whole set of data is shown in Appendix A.4.
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for biodegradation, an increasing proportion of sorbed hormones over time would lead
to a slower degradation. Biodegradation rates, limited by the unavailability of the sorbed
compounds, have already been observed for estrogens [214, 211] and other chemicals
in soil [77, 197, 185]. A rate-limiting sorption/desorption of compounds can result in a
greater unavailability, therefore decreasing its dissipation rate over time. A rate-limiting
sorption/desorption kinetic for both hormones has been suggested in several studies
[31, 32, 48] (see Section 2.3.6). Rate-limiting sorption has been explained by diffusion
into the organic matter matrix, immobile water and intra-particle nanopores [175].
Because desorption usually requires more energy than sorption, desorption hysteresis is
often observed [175]. A greater resistance to desorption over time, called ageing, is well
known for many organic contaminants in soil and leads to a reduced bioavailability [10].
Hermann and Mills [92] report evidence that the persistence of estrogens they observed in
the field was mainly caused by the lack of bioavailability for microbial degradation, which
was associated with sorption and ageing.
By applying the availability-adjusted model, the rate constants k′′ and a and the ratio
of soluble to total target compound λ (t) were determined (see Table 5.2). The estrogen
concentrations in the soluble phase L(t) = λ (t) C(t) and in the reversibly sorbed phase
S(t) = C(t) − L(t) have been drawn over time for each treatment (see Fig. 5.5). C0 was
defined by the model fit and λ0 was set to 1, assuming that initially all the target compound
was in the soluble phase. Under that condition, the value of k′′ is equal to the dissipation
rates, as k′′ = λ0 k (see Eq. 5.6).
Figure 5.5 and Table 5.2 show that the dissipation of the total concentration C(t) of
E2 is faster than the dissipation of d4-E1 and consequently the k′′ values for E2 are larger
than for d4-E1. No statistical difference between layers can be seen for d4-E1, but for E2
a faster dissipation of C(t) is observed for the top layer (5-10 cm) in comparison with the
bottom layer (30-35 cm). It also appears that the a value, which is the decreasing rate of
the ratio of soluble to total hormones, is following the same trend as k′′, i.e. the fastest
decrease for E2 in the top layer and the slowest for E1.
69 Dissipation of Estrogens in the Soil (Chapter 5)
d4-E1 (5-10 cm)
R2  = 0.994
0 20 40 60 80 100
R
el
at
iv
e 
co
nc
en
tra
tio
n 
of
 h
or
m
on
e
0.005
0.05
0.5
0.01
0.1
1
d4-E1 (30-35 cm)
R2  = 0.956
Days after treatments
0 20 40 60 80 100
0.00001
0.0001
0.001
0.01
0.1
1
10
E2 (5-10 cm)
R2  = 0.942
0 20 40 60 80 100
0.005
0.05
0.5
0.01
0.1
1
E2 (30-35 cm)
R2  = 0.858
0 20 40 60 80 100
0.005
0.05
0.5
0.01
0.1
1
Figure 5.4: Relative concentrations of d4-E1 and E2 in log-scale over time (days) for both
layers. Triangles represent the first five points (0 to 3 days). Squares represent
the last five points (6 to 92 days). Exponential function fitted on first 5 points with
correlation coefficient R2 displayed on graphs. Error bars represent the standard
error of the mean.
Degradation, sorption and desorption of estrogens occurred simultaneously in the soil
after spiking. Figure 5.5 shows that initially, within the first day, the soluble concentration
of estrogens decreases because of sorption to the solid phase and because of degradation,
leading to an increase of S(t) and a decrease of L(t). The faster the sorption kinetic, the
faster it will hinder the degradation kinetic. The faster the degradation kinetic, the faster
the dynamic equilibrium will favour desorption. By comparing the two hormones in both
layers in Fig. 5.5, it appears that the sorbed concentration S(t) of E2 reached a maximum
more quickly than for d4-E1, either because E2 degradation is faster, as shown by the
higher k′′ values, or because its sorption kinetic is faster.
From around day 1 all the concentrations, in the sorbed and soluble phase are
decreasing. By definition, the decrease λ (t) and C(t) are interdependent and therefore a
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Figure 5.5: Reversibly sorbed (S(t)), soluble (L(t)) and total (C(t)) concentrations and their
ratio (λ (t)) derived from the availability-adjusted model for all treatments. The
C(t) curves are the same as in Fig. 5.2 and 5.3.
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and k′′ are also interdependent parameters. The data shown in Table 5.2 reflect well this
dependence between a and k′′ among the different treatments. If the desorption, which
can be physico-chemical or mediated by microorganisms, is slower than the degradation,
it will limit the degradation kinetic [93]. It is proposed, in the present study, to look
at the a/k′′ ratio as an indicator of the limitation of the target compound availability to
degradation.
Assuming that a tends to zero, λ=L(t)/C(t)∼= λ0 independently on time (see Eq. 5.4),
which means that the desorption has very little impact on the overall decrease of C(t) and
therefore the degradation is not or very little limited by hormone availability. Assuming
that a tends to infinity, λ=L(t)/C(t) will tend very quickly to zero (for t > 0), which means
that whatever is desorbed in the liquid phase will tend to be immediately degraded. This
means that in this case, the degradation rate is limited by the availability of the hormones
in the sorbed phase. Therefore the larger the a/k′′ ratio the stronger the lack of hormone
availability affects the hormone degradation rate. The a/k′′ ratio results indicate that
d4-E1 is less available to degradation than E2 and that the degradation is more limited by
the lack of availability in the 5-10 cm depth than in the 30-35 cm depth, at least for E2, as
d4-E1 showed no statistically significant difference between the top and the bottom layer
(see Table 5.2).
In summary, the availability-adjusted model indicates that 17β -estradiol dissipates
faster than d4-estrone and its degradation is less limited by sorption than d4-estrone. It
also indicates that, even though 17β -estradiol degradation is more limited by sorption
in the top layer, it still dissipates faster in the top layer than in the bottom layer. These
observations are reflected in the half-life (DT50) values given in Table 5.2 for the four
treatments. The DT50 values suggest that E2 is less persistent in the soil than d4-E1 and
less persistent in the top soil. It is worth noting that the exponential decay model does not
allow any discrimination between the treatments.
The stronger limitation of E2 dissipation in the 5-10 cm layer in comparison with
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the 30-35 cm layer might be explained by the higher organic matter (OM) content of
the surface layer (3.0-4.4%) compared to the bottom layer (1.0%) (see Appendix A.2).
The higher OM content in the top soil was probably responsible for a larger proportion
of the hormones to be sorbed [139]. A correlation between estrogen sorption and soil
OM has often been observed [125, 190, 32, 135] and the addition of organic matter has
been reported to inhibit estrogen degradation, because it reduced estrogen bioavailability
[105, 60, 86]. It has been suggested that concentration dependent diffusion of solute into
the natural organic matter matrix, inaccessible to microbes, could cause slow sorption and
desorption, especially at low concentrations [175].
The faster dissipation rate in the top layer can be explained by a more active mi-
crobial activity in the top soil [92]. The greater microbial activity in the top soil was
sustained by a higher concentration of readily available carbon and other nutrients. For
some contaminants, biodegradation requires the build-up of a stable microbial com-
munity [48]. But in the soil studied, no obvious lag phase was observed in any of the
two layers, suggesting that the microbial community was readily able to degrade estrogens.
In the literature, there is no clear trend to indicate which of 17β -estradiol or estrone
dissipates the fastest (see Section 2.3). Competition between estrone and 17β -estradiol
can influence the sorption of each compound, but again contradictory results in the
literature prevent a clear conclusion about which hormone would be the most affected
[26]. Therefore the difference observed between the two hormones in the present study
might be specific to the Templeton soil, or to the experimental conditions.
The results obtained in the present study can be compared to results from other
dissipation experiments reported in the literature. In several batch experiments, the
decrease of the target compound did not follow a simple first-order exponential decay, but
instead approached a constant, similarly to what is observed in this study [31, 32, 48].
Colucci et al. carried out a similar incubation experiment with the same initial
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concentration of E2 and E1 of 1 µg−1 per g of soil and obtained dissipation rate constants
of 1.45 - 3.12 and 0.41 - 1.13 days−1 for 17β -estradiol and estrone respectively [41].
No statistics were carried out to indicate if the difference observed between the two
hormones were statistically different. They used a simple first-order exponential decay
model to describe their data and we can see that, using the same model, the results of
the present study fall within the ranges reported by Colucci et al. [41] (see Table 5.1).
Their incubation was carried out at 30oC but they did not see any statistically significant
difference when comparing dissipation rates of E2 at decreasing incubation temperature
down to 10oC. Estrone dissipation related to temperature was not studied. In their study,
soil moisture was below field capacity and it has been observed that dissipation of E2 is
smaller at field capacity than at lower soil moisture [41, 241]. This can be explained by the
lack of oxygen diffusion in the soil at high moisture content. It is indeed largely admitted
that degradation of E2 is faster under aerobic conditions than under anaerobic conditions
[60, 45, 245, 244]. Colucci et al. [41] reported statistically significant differences for
estrone dissipation rates between different soils, with the highest dissipation constant for
the soil with the lowest OM and clay content.
Xuan et al. [241] also carried out an incubation experiment using microcosms and
an initial E2 concentration of 1.1 µg g−1. They obtained k′′, a and DT50 values of
4.50 ± 0.50 d−1, 2.38 ± 0.54 d−1 and 0.17 d respectively. The k′′ and a rates obtained by
Xuan et al. [241] were larger and the DT50 smaller than the corresponding values obtained
in the present study (see Table 5.2). Their incubation was carried out at a temperature
of 25oC and unlike Colucci et al. [41], Xuan et al. [241] observed that a decrease of
temperature from 25oC to 15oC led to a decrease of the dissipation rate of 4.3%. It is
therefore possible that the low temperature used in the present study was responsible for
the lower dissipation rate observed. The investigation by Xuan et al. [241] was carried out
at a moisture content of 15%, but the authors did not give the moisture as a percentage of
the field capacity value. The incubation experiments by Colucci et al. [41] and Xuan et
al. [241] lasted for only 3 and 6 days, respectively, and therefore the reported rates might
have been slightly different if they had carried it out over a longer period of time. It is
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worth noting that the extraction method used could also play a role in the determination
of the dissipation constant. If the extraction method is less efficient in extracting sorbed
compounds, more residues will be considered as unextractable over time. This will lead to
an overestimation of the dissipation rate.
Other studies have measured the mineralisation rates of E2 and E1 in the soil and
as expected obtained half-life values considerably longer than those obtained in the
present study, because the whole mineralisation process takes much more time than the
first degradation step only [60, 145, 214] (see Table 2.2). Half-life values have been
reported from several batch experiments and usually ranged between 0.24 to 9.7 days
[192, 244, 135]. In batch experiments, shaking optimised the contact between the soil
and the aqueous phase, but it also breaks part of the soil structure and some diffusion
phenomenon (e.g. film diffusion) might not be taken into account [175]. The high water
to soil ratio might also influence the results and therefore it is difficult to compare results
from batch and incubation experiments.
The availability-adjusted model assumes that the microbial population growth is not
affected over time and that the sorption/desorption rates are not concentration or time
dependent. But it has been demonstrated that the sorption kinetic could be time or con-
centration dependent. A biphasic sorption and desorption pattern has been often reported
for estrogens, with a rapid initial sorption followed by a slower one [247, 140, 190].
In the system studied, some non-constant sorption kinetic might also be expected. It is
also possible that the sorption kinetic was faster than the desorption kinetic and that the
sorption equilibrium dynamic favoured sorption at the beginning and desorption at the
end of the experiment. Moreover at low concentrations, estrogens can exhibit a stronger
sorption and a lower sorption kinetic [247, 239], partly explained by concentration
dependent diffusion [31] and the broad range of energy sites in the soil (see Section 2.3.7).
It was also observed that, as the more weakly sorbed estrogens are degraded first, the
slow sorption/desorption site fraction becomes increasingly important over time [175]. If
a single sorption/desorption kinetic does not apply for the whole incubation period, the
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constant rates calculated by the model would explain only one part of the curve. This
might explain why this model in some cases fails to predict well the very first data points,
and to generally underestimate the C0 values.
It can be seen from Figure 5.2, 5.3 and 5.4 that for all treatments the first data points
have large variations (standard error of the mean) among the three replicates and this
variation tends to decrease over time or with lower concentrations. This variation can
result from an inhomogeneous spiking. As described in Section 5.2.1, it was decided to
not use carrier solvent, possibly making the homogenisation of the hormone spiking more
difficult. No equilibration time was possible either, which is usually done after spiking to
assure a better distribution of the hormone in the soil, and could explain why the variation
decreased with time. A small variation between replicates lead to large relative errors
when the variation of concentrations was fast. Part of the variation could also have come
from the analytical method, which has an error relative to the concentration (see Section
3.4.2).
With the models used in this study, it is impossible to distinguish the formation of
bound residues (unextractable residues) from degradation. Bound residues are defined
as residues not extractable by methods that do not alter their chemical nature [186].
Irreversible sorption has been associated with diffusion into micropores and physical
entrapment into soil organic matter [175, 10]. It was observed that 73% of the applied
17β -estradiol was unextractable and associated with the humic substances of the soil after
5 days of incubation [60]. This suggests that the formation of bound residues might be an
important part of the dissipation process. However, in the present study, the dissipation of
estrogens is probably mainly due to degradation as shown in Section 5.3.2.
The availability-adjusted model is based on the assumption that the target compound
has to be in the aqueous phase to be available to biodegradation and that no degradation
occurs in the sorbed phase. This is a common assumption [86], but some authors suggested
that degradation can take place in both the soluble and the sorbed phases [32, 31, 48]. In
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a batch experiment, dissipation rates attributed to the sorbed phase were 4 to 100 times
slower than the ones attributed to the soluble phase [192].
Other models than the two chosen in this study could have been applied to the data.
A double exponential model with four parameters (y = aexp(b) + cexp(d)) would have
been applicable, even though usually the increasing number of parameters in a model
decreases the reliability in their determination [193, 145]. A double exponential model
could also have explained a first rapid dissipation followed by a slower one. Other
two-compartment models exist that take into account either two different dissipation rates
in each compartment, but without movement between the compartments [94] or dissipation
in one compartment but with two separate sorption and desorption rates [82]. Models
describing degradation or mineralisation including compound-availability-limitations have
also been developed [79, 77, 197].
The availability-adjusted model by Xuan et al. [241] does not allow the sorption kinetic
and the degradation kinetic to be discriminated, nor the degradation and the formation of
bound residues. It is based on the assumption that degradation occurs only in the soluble
phase and that the sorption rate is constant over time and with decreasing concentrations.
But this model has a reasonably small number of parameters and by taking into account
the unavailability of hormones to microbes for degradation allows to explain the observed
deviation from a simple exponential decay.
5.3.2 Degradation of 17β -estradiol into estrone
In the present experiment, the concentration of unlabelled estrone over time was also
monitored in both soil layers as shown in Figure 5.6. Unlike d4-E1, the unlabelled E1
came from the degradation of E2. E1 and d4-E1 were discriminated by GC-MS. The
estrone breakthrough curve in Fig. 5.6 represents the sum of the initial E1 present in the
soil and the E1 produced as the first degradation product of E2, dissipating over time.
Any back conversion of E1 into E2 is also included in the overall dissipation rate for
each hormone. Some estrone was present initially because degradation of E2 occurred in
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the stock solution. A reason why the initial estrone concentration relative to the initial
E2 concentration was slightly lower in the bottom layer (30-35 cm) than in the top layer
(5-10 cm), could be that the relative extraction recovery for the bottom soil has been
assumed to be similar to the top soil, even though it has not been specifically measured.
A transient accumulation of E1, simultaneously with the degradation of E2 has been
often reported in the literature [41, 244, 241]. In order to describe this transient peak of
E1, the d4-E1 and E2 dissipation rates, determined in the previous Section by the simple
exponential model (see Table 5.1) or the availability-adjusted model (see Table 5.2) were
inserted into Eq. 5.8 and Eq. 5.9, respectively, and the results were plotted over time and
compared to the observed data (see Fig. 5.6)
Figure 5.6 shows that Eq. 5.8 and Eq. 5.9 give a satisfactory description of the
estrone transient peak, suggesting that most of the early dissipation of E2 was due to
degradation. The calculated χ2 values for the exponential decay model are 1.7 x 1045 and
1.2 x 1032 for the top and bottom soil layers, respectively, whereas the χ2 values for the
availability-adjusted model are 0.07 and 0.25 for the top and bottom layers, respectively.
The high χ2 values associated with the exponential decay model reflect the fact that this
model does not account for the estrogen unavailability to biodegradation and therefore
underestimates the concentration of E1 from day 3 or 5. The availability-adjusted model,
on the contrary, describes very well the concentration of E1 over 92 days, including its
transient peak, suggesting that even though most of the early dissipation of E2 was due to
degradation, the formation of bound residues became increasingly important with time.
The degradation kinetic of E1 relative to E2 determines the amount of the E1 produced.
The more quickly the data deviate from the exponential model, the more the unavailability
of each hormone will influence the amount of E1 present in the soil. Sarmah et al. [192]
observed that the amount of E1 produced during the equilibration of E2 in their batch
experiment varied markedly between the 3 soils studied, as well as the distribution of
E1 between the soluble and sorbed phase and they attributed the observed variation to
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Figure 5.6: Solution of Eq. 5.8 (exponential model) and solution of Eq. 5.9 (availability-
adjusted model) plotted over the estrone dissipation data. The estrone concen-
trations have been normalised on the initial 17β -estradiol concentration and the
error bars are the standard error of the mean.
the inherent sorbent properties of the soils. The present study seems to confirm that the
different sorption properties of E1 and E2, in different soils, possibly enhanced by the
effect of competition between the two hormones, might influence the degradation rates of
both hormones and explain the different amount of E1 present in different soils.
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5.4 Conclusions
This experiment showed that estrogen dissipation in the Templeton soil at 8oC was fast,
with half-life values of less than a day. The results of this experiment also showed that the
dissipation of E1 and E2 was deviating from a simple exponential model, because their dis-
sipation rates were decreasing over time. Therefore the availability-adjusted model, which
assumes that the dissipation rate of a compound in the soil is decreasing over time because
of a reduced bioavailabiliy, was tested with successful results for its ability to predict the
concentration of E1 and E2, separately and together, over 92 days. The satisfactory de-
scription of the transient peak concentration of E1, as a daughter product, by both models
suggested that the degradation of E2 was mainly due to degradation during the first days
and that the formation of bound residues became increasingly important with time. The
experiment was carried out at higher than environmentally relevant concentrations, which
were necessary to monitor and examine the dissipation of the two hormones over 92 days.
The conditions under which the incubation experiment was carried out were chosen so
that the observations made could be used for the understanding and modelling of the data
collected during the field transport experiment described in the next Chapter.
Chapter 6
Estrogen Transport in Undisturbed Soil
Lysimeters
6.1 Introduction
The objective of this experiment was to study the processes involved in the transport of
estrogens in the Templeton soil. A transport experiment was carried out in the field using
undisturbed soil lysimeters, under a set of conditions that has not been reported before.
The estrogens were not applied as a pure solution but in dairy farm effluent and the trans-
port of estrogens was studied under a transient flow of water. Moreover, chemical analysis
by GC-MS was carried out for a specific quantification of estrone and 17β -estradiol. The
estrogens were applied at a concentration several orders of magnitude higher than the aver-
age estrogen concentration in dairy farm effluent, in order to monitor the target compounds
to a maximum soil depth of 70 cm over a period of 92 days. The present experiment was
completed during the winter season, because the colder soil temperatures and the higher
amount of precipitation increase the probability of contaminant leaching. Target compound
recoveries and breakthrough curves are presented in this Chapter and the results are dis-
cussed in terms of the transport processes involved.
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6.2 Materials and methods
6.2.1 Set-up of the lysimeter field experiment
Undisturbed monoliths of Templeton soil were used to carry out the estrogen transport
experiment. The properties of the Templeton soil are presented in Table 4.1 and Ap-
pendix A.2. The soil monoliths (50 cm diameter and 70 cm depth) were collected south
of Christchurch in the Canterbury Plains according to a method developed by Cameron et
al. [30] and installed in a field lysimeter facility on the Lincoln University site. Petroleum
jelly was used to seal the gap between the soil monolith and the metallic casing around it
in order to prevent edge-flow effects [30]. The surface of each lysimeter was at the same
level as the surrounding soil and the pasture on each lysimeter was maintained to a height
between 5 and 25 cm, before and during the experiment (see Fig. 6.1). Although urea and
cow urine had been applied on the lysimeters 3 years before the start of the present exper-
iment, no other treatment had been applied since then [50]. Before the start of the present
experiment, the soil moisture content in each lysimeter was brought to field capacity. Half
of the 16 lysimeters in this experiment was used for leachate sampling and the other half
was used for soil sampling.
6.2.2 Treatment application and dairy farm effluent characterisation
Fresh dairy farm effluent (DFE) was collected at the Lincoln University Dairy Farm
(LUDF) in an open air effluent collecting pond. The effluent was collected less than
two hours before its application on the lysimeters. The total nitrogen concentration
of the effluent was determined immediately after collection using a standard Kjeldahl
digestion procedure (Kjeltec Auto Sampler System 1035 Analyser, Tecator, Sweden).
Total and organic carbon concentration in the DFE were measured using a Shimadzu Total
Organic Carbon Analyser (TOC- 5000A). The pH and conductivity were measured using
a pH meter (Mettler Toledo, Inlab 413) and a conductivity meter (Mettler Toledo, Inlab
730), respectively. Total dry matter and colloidal/dissolved dry matter were determined
gravimetrically by drying unfiltered and filtered (1.2 µm pore size GF filter, Whatmann)
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Irrigation nozzle
Lysimeter
Collecting vessel
Figure 6.1: Lysimeter irrigation and leachate collecting system.
subsamples of effluent at 100oC to constant weight. Estrone and 17β -estradiol concentra-
tions in the DFE were analysed as described in Section 6.2.4.
The Canterbury Regional Council permits land application of dairy farm effluent pro-
viding the rate of application of nitrogen does not exceed 200 kg N ha−1 per year [2].
Targeting the application of a third of the maximum yearly application, 5 l of effluent was
applied on each lysimeter, which was equivalent to an application of 66.5 kg N ha−1. Each
5 litres of effluent was spiked with sodium bromide (NaBr) to act as an inert tracer, for a
final bromide concentration of 232 mg l−1. The same volume of effluent was spiked with
20 ml of a concentrated solution of 17β -estradiol and estrone in ethanol for a final concen-
tration of 4.5 and 5.2 mg l−1, respectively. The proportion of ethanol added to the effluent
for estrogen spiking was less than 0.5% and thus, such small amount of ethanol should
not have affected the sorption of estrogens to the soil [54]. After spiking, the effluent was
stirred and poured evenly onto the lysimeter surface. The mass of bromide, E2 and E1
applied on each lysimeter surface were equivalent to 0.615 g m−2, 120 and 137 mg m−2,
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respectively. The concentrations of the estrogen standard solution used for spiking were
confirmed by GC-MS quantification. Half of the lysimeters used for leachate and soil sam-
pling were used as control lysimeters. Control lysimeters received 5 l of water spiked only
with bromide at a concentration of 232 mg l−1. The distribution of the different treatments
among the 16 lysimeters (soil vs leachate sampling and spiked effluent vs control) was
done randomly, using a random number generator.
6.2.3 Irrigation application
The volume of irrigation water applied on the lysimeters was controlled by an automatic
irrigation system coupled to a rain gauge. Spray irrigation was applied simultaneously on
all lysimeters using nozzles (Teeget, Full Jet, FL-5GC) placed 30 cm above the soil surface
as shown in Figure 6.1. To limit ponding effects, irrigation cycles of 30 seconds followed
by a 5 min wait time were applied. During the first month, the objective was to apply
25.5 mm of water every three days, and during the second and third months irrigation was
applied to reach a target of 25.5 mm of water per week. The amount of precipitation and
irrigation was recorded every day using a rain/irrigation gauge (see Fig. 6.2). Because
only the water reaching the lysimeter surfaces were accounted for by the rain/irrigation
gauge, the wind drift losses were taken into account. However irrigation was postponed
in the presence of strong wind. Average evapotranspiration was measured on-site using
weighing lysimeters. The total amount of water applied on the lysimeters over the period
of the experiment (331 mm) was representative of the amount of rain that can be expected
in Canterbury during a wet winter [1].
6.2.4 Sample collection and estrogen analysis
Leachate samples
The leachates were collected in 10 l plastic vessels protected from the sunlight (see
Fig. 6.1) and sampled every two to four days during the first month and every 7 days dur-
ing the two following months. Twenty sampling events took place during the experiment
which lasted for 92 days. At each sampling event, the vessels were weighed to determine
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Figure 6.2: Irrigation applied on the lysimeters, precipitation and evapo-transpiration during
the period of the experiment expressed in mm of water.
the volume of leachate collected and replaced by a new set of pre-weighed vessels.
Samples containing particulate materials were filtered through glass fiber filters (GF/C,
1.2 µm, Whatmann) using 0.5 cm of filter aid (Hyflo SuperCel, Merck) [194]. Leachate
subsamples of 1.2 l, or smaller if not enough leachate was collected, were poured into 1 l
glass Schott bottles and spiked with 60 ng of an ISTD (d4-E2). Solid-phase extraction
(SPE) cartridges (Superclean ENVI-18, 1 g, Supelco, Auckland, NZ), pre-conditioned
with 2 ml of methanol and 2 ml of MilliQ water, were used to extract E1 and E2 from
the leachate samples. The SPE cartridges were fitted to a vacuum chamber connected
to a vacuum pump (Jungwoo Electric, WOVP-0040) and the leachate samples were
sucked through capillary teflon tubings (2 mm diam.) on the SPE cartridges at a rate of
5-10 ml min−1. Regulators (three way stopcocks) were placed at the tubing-cartridge
interface, as well as at the cartridge-vacuum chamber interface to regulate the flow rate.
The estrogens in the samples were retained by the octadecyl bonding silica bed of the
SPE cartridges. After the samples were passed through the SPE cartridges together with
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a 10 ml MilliQ water rinse of the glass bottles, the SPE cartridges were dried under full
vacuum for 10 min and stored in their original packing in the freezer at −18 oC until
elution.
Before proceeding to estrogen elution, the SPE cartridges were thawed for 15 min and
fitted on a manifold (Phenomenex) connected to a vacuum pump. To elute the estrogens
from the SPE cartridges, 5 ml of acetone were added to the SPE cartridges, left for 3 min
and eluted in 23 ml glass vials under gravity. After repeating the elution procedure a
second time, full vacuum was applied to the cartridges to remove any residual acetone.
The samples were stored in the freezer (−18 oC) before processing them through silica-gel
and GPC clean-up steps as described in Chapter 3. Losses during sample manipulation was
taken into account by the ISTD.
Effluent samples
Immediately after effluent collection (see Section 6.2.2), three subsamples of 1 l were
collected for estrogen analysis. The sample pH was adjusted to 2.6 with sulfuric acid 6M
(GR for analysis, Merck) to improve its preservation and stored in the refrigerator (4oC)
overnight. The same extraction and clean-up steps as described for leachate samples were
applied to the effluent samples.
Soil samples
Seven sampling events took place over the period of the experiment at day 1, 3, 6, 14,
30, 57 and 91 after treatment. Soil samples were collected at two different soil depths,
5-10 cm (A horizon) and 30- 35 cm (top of the B horizon) using a soil corer (2 cm diam.).
Triplicate samples were taken at each soil depth and samples from the same soil layer
mixed together in a plastic bag. The sampling holes were backfilled with Templeton soil
that has not previously received dairy farm effluent. The soil samples were passed through
a 2 mm mesh sieve and stored in plastic vials in the freezer at −18 oC until analysis. Soil
samples were prepared and analysed as described in Chapter 4. Soil moisture was measured
gravimetrically for all individual samples and the results were expressed per mass of dry
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soil.
6.2.5 Bromide analysis
At each leachate sampling event, 20 ml leachate subsamples were collected for bromide
analysis. If necessary, the samples were filtered through a 0.2 µm membrane filter before
analysis by ion exchange chromatography (Dionex DX-120, Dionex Corporation, USA).
The ions were separated in a Dionex AS9-SC column with a weak carbonate/sodium bi-
carbonate mobile phase and detected by conductivity.
6.3 Results and discussion
6.3.1 Sample preparation and analysis
E1 and E2 losses during sample preparation and analysis were accounted for by the
ISTD (d4-E2) added to all samples before estrogen extraction by SPE. The average
ISTD recovery was 41 ± 1.2%. Some sources of target compound losses, common to
soil and leachate samples, have been already discussed in Section 4.3.5 and included
photodegradation of the target compounds during sample manipulation. However, sample
filtration, SPE extraction and sample extract storage in the SPE cartridges were specific to
the preparation of leachate samples. Retention of estrogens by glass microfiber filters has
been found to be negligible [100, 103]. During sample extraction, the coloration of some
SPE cartridges caused by the accumulation of colloidal material present in a few filtered
samples, was accompanied by a reduction in flow rate. The accumulation of colloidal
material in the cartridge beds possibly reduced, in some cases, the extraction efficiency of
the SPE cartridges. The extended period of storage (11 months) of the leachate samples
in the SPE cartridges at −18 oC, due to the unexpected GC-MS unavailability, might be
another possible source of compound loss [17].
As presented in Chapter 3, a second ISTD (d4-E1) was added to all sample extracts
just before derivatisation and was used to calculate the target compound recovery. If
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degradation occurred during sample storage and preparation, d4-E2 possibly degraded
into d4-E1 leading to an overestimation of d4- E1. Because the compound recovery was
calculated as the ratio of d4-E2 to d4-E1, if d4-E1 has been overestimated, the calculated
recovery (41%), would be underestimated. Similarly, if degradation occurred during sam-
ple storage and preparation, E2 possibly degraded into E1, leading to an overestimation
of E1. When E1 was quantified using the second internal standard (d4-E1) to account for
the amount of E1 produced from the degradation of E2 during storage and preparation, E1
concentration was systematically smaller than when E1 was quantified using d4-E2, even
though the second ISTD (d4-E1) did not account for losses during sample preparation.
This indicates that E1 degradation and loss are small in comparison with the amount of E1
produced during sample storage and preparation from the degradation of E2. Therefore
the amplitude of the E1 BTCs over time depends on the ISTD used for E1 quantification
and E1 concentrations might still be overestimated by using d4-E1. However the shapes
of the E1 BTCs are very similar regardless of the way E1 has been quantified as shown
in Appendix A.6. The quantification of E2 was done using d4-E2 to account for loss and
degradation during sample storage and preparation and is therefore exact.
The concentrations of E1 and E2 in the soil sample extracts were multiplied by
their respective recoveries, determined in Section 4.3.5, to account for the efficiency
of extraction and possible degradation or loss during sample preparation. Even though
three soil subsamples were taken per sampled layer of soil, this non-exhaustive sampling
introduced an error, because of the heterogeneity of the estrogens distribution in the soil
during the transport experiment. Ideally a whole layer should be sampled to minimise this
error, but this type of sampling would have been destructive and therefore not applicable
for sampling over time.
6.3.2 Dairy farm effluent characterisation
Dairy farm effluent (DFE) is generally composed of excreta (c. 10%), teat washings (c.
4%), wash water (c. 86%) and other materials [71]. General composition and properties of
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DFE are reviewed by Wang et al. [230] and Ali et al. [11]. Some specific properties of the
effluent applied on the lysimeters in the present study are shown in Table 6.1.
Table 6.1: Selected dairy farm effluent properties. ∗ indicates that the analysis was carried out
using subsamples of the effluent applied on the lysimeters in May 2007. ∗∗ indicates
that the analysis was carried out using effluent from the same origin, but sampled
in February 2009
Estrone concentration [ng l−1] ∗ 66.2 ± 1.2
17β -estradiol concentration [ng l−1] ∗ 5.0 ± 0.4
Total N [mg l−1] ∗ 261 ± 3
Organic C [mg l−1] ∗ 415 ± 0.7
(on effluent filtered through 1.2 µm filter)
pH∗ 7.8 ± 0.2
Conductivity [µS cm−1] ∗ 1462.3 ± 247.3
Dry matter [mg l−1] (not filtered)∗∗ 2.0 ± 0.2
Colloidal/dissolved dry matter [mg l−1] ∗∗ 0.8 ± 0.1
(filtered through 1.2 µm filter)
The concentrations of estrone and 17β -estradiol in the effluent before spiking were
within the large range of concentrations measured in dairy farm effluents throughout New
Zealand, which ranged from below detection limit to 3123 ng l−1 with an average of
570 ng l−1 for E1 and from below detection limit to 331 ng l−1 with an average of 81 ng l−1
for E2 [194, 67]. In the present study, only the free estrogens were measured in the effluent,
but 17α-estradiol and estrogen conjugates, which are also present in DFE, could contribute
to E1 and E2 concentrations after conversion and/or deconjugation [194, 67, 101]. The nat-
ural estrogen concentrations were less than 0.001% of the spiked concentrations and were
therefore considered as negligible. The other properties of the effluent used for this ex-
periment were within the expected ranges reported in the literature [230, 11]. The organic
carbon content was measured from filtered effluent (1.2 µm pore size filter) and therefore
the organic carbon content measured was lower than expected in unfiltered effluent, in
which the OC concentration usually varies between 700 and 6550 mg l−1.
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6.3.3 Drainage and temperature data
The amount of cumulated drainage per lysimeter over the period of the experiment was
consistent over the 16 lysimeters with an average of 62 ± 3 l. No statistically significant
difference between the average volume of cumulative drainage collected from the lysime-
ters allocated to leachate sampling and soil sampling was observed (P0.05-value = 0.89),
nor between the average volume of cumulative drainage collected from the lysimeters on
which spiked effluent was applied and the control lysimeters (P0.05-value = 0.11).
0 20 40 60 80 100
L1 
L2 
L3 
L4 
Cumul. water 
input
Days after Treatment
0 20 40 60 80
C
um
ul
at
iv
e 
vo
lu
m
e 
of
 w
at
er
 [l
]
10
30
50
70
0
20
40
60
S1 
S2 
S3 
S4 
b
0 20 40 60 80 100
Cumul. water input
Cumul. water output
L1 
L2 
L3 
L4 
a
Days after treatment
0 20 40 60 80
C
um
ul
at
iv
e 
vo
lu
m
e 
of
 w
at
er
 [l
]
10
30
50
70
0
20
40
60
80
 Cumul. water  input 
Cumul. water output
S1 
S2 
S3 
S4 
Figure 6.3: Same cumulative water input (full circles) applied on all lysimeters and cumula-
tive water outputs (open symbols) collected from each individual lysimeter a) for
soil sampling and b) for leachate sampling.
Figure 6.3 shows that the amount of cumulated drainage from the individual lysimeters
on which spiked effluent was applied did not always match the amount of cumulative
water input (rainfall and irrigation minus evapotranspiration). Poor drainage can explain
differences between the volume of water input and output. Water ponding was observed
regularly on lysimeter L1 and occasionally on lysimeter S3. Surface sealing due to
rainfall impact, can cause water ponding at the soil surface [14]. Poor drainage can also
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be caused by soil pore plugging by suspended solids present in the dairy farm effluent
[159]. Soil moisture in lysimeter L2, might possibly not have reached field capacity
before the start of the experiment, because in the presence of preferential flow most of
the water bypasses the soil matrix, possibly explaining why the amount of cumulated
drainage did not match the amount of cumulated water input [132]. Differences in
evapo-transpiration among the individual lysimeters could also explain some of the vari-
ation between the average water input and the individual water outputs shown in Figure 6.3.
Average soil temperature data were collected on-site in separate lysimeters using tem-
perature probes (thermistor 107) and are presented in Appendix A.5. During the period of
the experiment, the soil temperatures measured between a soil depth of 7.5 cm and 52.5
cm varied from c. 2 to 11oC. At 92 cm depth, soil temperatures did not drop below 5oC
and varied less than the temperatures in the upper soil layers.
6.3.4 Background concentrations of estrogen
Background concentrations of E1 and E2 in soil were measured in the control lysimeters,
on which only sodium bromide solution was applied. The maximum E1+E2 background
concentrations were 5.9 ng g−1 in the 5-10 cm soil layer and 2.3 ng g−1 in the 30-35 cm
soil layer as shown in Figure 6.4. Estrogen background concentrations were detected
during the first sampling event but were below the limit of quantification (0.1 ng g−1)
thereafter. This suggests that small amounts of estrogens were initially present in the
soil and were quickly leached from the soil during the experiment. The maximum
background concentrations obtained in the present study were higher than soil background
concentrations reported in the literature. E2 background concentrations ranging from 0.06
to 0.64 ng g−1 have been found in the upper 5 cm of two agricultural soils [63, 106] and
maximum background concentrations of 0.34 ± 0.18 ng g−1 and 0.46 ± 1.1 ng g−1 were
reported for E2 and E1 respectively in the upper 7.6 cm of another agricultural soil [57].
The amount of estrogens measured in the present study at a depth of 5-10 cm could
have come from the presence of wild bird faeces. Because of a lack of information
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S8) at two soil depths (5-10 cm and 30-35 cm). At each sampling time, one bar
represents the concentration of E1+E2 in one lysimeter. The limit of quantification
(LOQ) is 0.1 ng g−1
about the contribution of wild bird faeces to the natural soil estrogen concentration,
it is difficult to make predictions, but for an indication, E2 concentrations in poultry
waste range between 14 and 533 ng g−1 on a dry weight basis [83]. Because of limited
storage capacity, dairy farm effluent is sometimes spread on the field during windy days
creating aerosols in which estrogens can be transported to the surrounding soil surface
[19], possibly contributing to the observed subsurface concentrations of estrogens. It is
unlikely however that the background concentrations observed could have come from
the previous application of urine on the same lysimeters, because it is unlikely that
estrogens could have persisted for 3 years in the most biologically active part of the soil
without being leached by natural rainfall. It is also unlikely that such concentrations
could have come from the water applied on the control lysimeters, because it came from
a deep level well supply. The estrogen concentrations measured in both the 5-10 cm and
30-35 cm soil depths during the first sampling event probably resulted from the leaching
of estogens from the soil surface with the 5 litres of water applied on the lysimeter at day 0.
Because of the small proportion of soil samples tested in which background concen-
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trations were detected, background concentration screening was carried out in only 12
leachate samples from 4 different control lysimeters and three different sampling times.
E1 and/or E2 were detectable in 9 out of 12 samples, with maximum concentrations of 4.9
and 5.2 ng l−1 for E2 and E1, respectively.
6.3.5 Bromide and estrogen recoveries in the leachate
In the present study, an average of 69 ± 3% of the bromide mass applied on the individual
lysimeters (n=16) was recovered over the period of the experiment. Table 6.2 shows the
bromide and estrogen recoveries for the individual lysimeters that received effluent spiked
with bromide and estrogens. Preferential flow of water through soil macropores can carry
a large amount of bromide with only a small amount of drainage. Conversely, where
bromide is stored in the matrix pore water, it can be transported at a reduced velocity,
because of the large amount of water by-passing the soil matrix [132]. In lysimeter L4
only a negligible amount of bromide was recovered in the leachate towards the end of
the experiment (15% of the bromide was not recovered after 75 l of cumulated drainage),
probably because some bromide diffused into the immobile soil micropore water and was
not removed by the drainage water.
Table 6.2: Estrone, 17β -estradiol and bromide mass recovery (%) in the leachates over the
period of the experiment. Lysimeters L and S were used to collect leachate and soil
samples, respectively. Because soil sampling was not exhaustive, estrogen recover-
ies from the soil could not be calculated (n/a).
% Recovery L1 L2 L3 L4 S1 S2 S3 S4
Bromide 42 70 68 85 58 75 86 55
Estrone 0.008 7.6 13 0.05 n/a n/a n/a n/a
17β -estradiol 0.004 0.3 0.7 0.06 n/a n/a n/a n/a
Estrogen recoveries were lower than the bromide recoveries because estrogens
underwent sorption and degradation during their transport through the soil profile (see
Table 6.2). In the presence of preferential flow, larger estrogen recoveries were obtained
and a significant proportion of the estrogen mass was recovered during the first sampling
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event. The larger estrogen recoveries in the presence of preferential flow is probably due
to reduced interactions of estrogens with the soil, minimising estrogen sorption and also
minimising estrogen resident time in the soil, which in turn reduced the probability of
estrogen degradation.
The estrogen recoveries obtained in this experiment were smaller than estrogen recov-
eries from soil column experiments reported in the literature. It is difficult to make a direct
comparison of the recoveries, because of the different soil volumes, water flow rates and
types of soil used. Casey et al. [33] recovered 1.3% (± 0.15%) of the E2 mass applied on a
reconstructed soil (loamy fine sand) profile, which showed sign of structure development,
in large lysimeters (5.8 m2 x 2 m) with a water flow rate of 2.1 cm h−1. Using smaller
undisturbed soil columns (15 cm i.d. x 30 cm), Sangsupan et al. [190] obtained an E2 re-
covery of 27% from a sandy loam soil with a water flow rate of 24 cm h−1. A small volume
of soil, a coarse soil texture and a rapid water flow rate increase estrogen recoveries be-
cause of the reduced sorption and reduced resident time (therefore reduced degradation) of
estrogen in the soil, whereas a large volume of soil, fine soil texture and slower water flow
would decrease estrogen recoveries from soil columns. The length of time over which an
experiment is carried out can also affect the amount of estrogen recovered. Furthermore, in
the two studies, steady water flow and saturated conditions were maintained in the column,
creating anaerobic conditions less favourable to biodegradation [244].
6.3.6 Description of the estrogens and bromide breakthrough curves
in the leachate
Figure 6.5 and 6.6 show bromide, estrone and 17β -estradiol breakthrough curves in the
leachate at 70 cm soil depth from each individual lysimeter. Because of the important
variation of E1 and E2 concentrations among the different lysimeters, as shown in
Appendix A.7, the shape of the average BTCs tend to be influenced by the highest
concentrations and therefore the BTCs of each lysimeter have been considered separately.
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Figure 6.5: Concentrations of bromide [mg l−1], estrone [ng l−1] and 17β -estradiol [ng l−1]
in the leachate collected from lysimeter L1 and L2 plotted against cumulative
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data is 3% (see Section 3.4.2, error bars not shown).
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In all lysimeters (L1 to L4) the bromide BTCs show a peak concentration between
25 l and 40 l of cumulative drainage, or between 0.7 ± 0.2 and 1.3 ± 0.3 pore volume
(PV). One pore volume was calculated based on an average water-holding capacity of
0.25 ± 0.06 m3 m−3 in the Templeton soil and a total lysimeter volume of 0.132 m3.
In lysimeters L2 and L3 the bromide BTCs also show a peak concentration at the first
sampling event (day 2), before 3.3 l or 0.1 (± 0.02) PV of drainage. In these two lysimeters
the estrogen BTCs also show an early breakthrough at the first sampling event. A second
peak of estrogen concentrations appear in all the lysimeters except L1, between 5 l and
20 l or 0.15 and 0.6 PV.
The estrogen concentrations measured in lysimeter L1 were significantly smaller than
in the other lysimeters, with a maximum concentration of 25 ng l−1 for E2 and 180 ng l−1
for E1. The poor drainage observed for lysimeter L1 is probably responsible for an
extended residence time of the hormones in this lysimeter, which, coupled with degra-
dation, resulted in these low concentrations of estrogens measured in the leachate. Out
of 20 data points, 14 measured concentrations of E2 were below the highest background
concentration level of 5 ng l−1, under which the data are considered as unreliable and 4
measured concentrations were very close to that limit. Moreover because the generally
higher concentrations of E1 measured in the leachate of lysimeter L1 were probably
caused by the degradation of E2 into E1, the concentration of E1 could not be predicted
unless the set of data of E2 was reliable. Because of this lack of reliability, the data from
lysimeter L1 could not be used for the inverse modelling (see Chapter 7).
6.3.7 Preferential/macropore flow process
Soil macropores created by biological activity in soil, such as plant roots or soil fauna
channelling, as well as physico-chemical processes such as chemical weathering, drying-
rewetting cycles in dry clay soils, and frost action [20] are responsible for preferential
non-equilibrium transport of solute in soil [159]. Preferential flow or macropore flow
are common under natural soil conditions [236] and have been previously observed in
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the Templeton soil [155, 207]. The macropore distribution in the Templeton soil varies
throughout the soil profile and tends to be larger in the A horizon (see Table 4.1). It was
observed, however, that the fraction of hydrologically active macropores (or effective
macroporosity) is smaller than the actual macroporosity of the soil and that a continuous
film of water is necessary to initiate macropore flow [56].
Several studies have highlighted the importance of macropore flow in increasing the
transport of particulate matter, colloids and contaminants in soil [152], including in the
Templeton soil [109, 155]. It was observed that 98% of the nitrogen applied on the
Templeton soil as cow urine was leached through soil macropores (>600 µm) [207]. The
actual macroporosity of the Templeton soil, its fine texture subjected to the formation of
cracks and the presence of pasture roots in the top soil are contributing to the presence
of preferential/macropore flow in the Templeton soil. The application of dairy farm
effluent in the present study might have increased the extent of macropore flow, because
the effluent particulate matter might have blocked the smaller pores thus increasing the
proportion of larger pores in the soil [159].
The first bromide peak in lysimeter L2 and L3 within c. 0.1 PV of drainage was
attributed to bromide leaching via preferential/macropore flow, as suggested by Ghodrati
et al. [70] who explained the appearance of solute peaks between 0.03 to 0.14 PV by
solute transport through the inlet-outlet connecting macropore zone. In lysimeter L2
and L3, early peaks of estrone and 17β -estradiol concentrations appeared in the leachate
simultaneously with the early bromide peak, within c. 0.1 PV, demonstrating that estrogens
were also transported via preferential/macropore flow in the soil (see Fig. 6.5 and 6.6). The
relative importance of preferential flow in a lysimeter was estimated by the relative mass
of bromide recovered during the first sampling event or within c. 0.1 PV of cumulative
drainage. Preferential flow processes were therefore the most important in lysimeter
L2, which showed the highest peak of bromide at the first sampling event. In lysimeter
L2, preferential flows were responsible for the recovery within c. 0.1 PV of cumulative
drainage of 60% of the total recovered bromide mass, as well as 10% and 75% of the total
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recovered E2 and E1 mass, respectively.
Because solutes transported by preferential/macropore flow bypass the intra-aggregate
soil micropores, it is expected that estrogens transported via preferential/macropore
flow are less retained by the soil matrix. Moreover, estrogens transported via preferen-
tial/macropore flow are also expected to be less subjected to degradation because of their
reduced residence time in the soil. Therefore it was expected to find E1 and E2 recoveries
similar to bromide recovery in the first c. 0.1 PV of cumulated drainage in lysimeter L2.
However, the smaller recovery of E2 in comparison with bromide and the larger recovery
of E1 suggest that some degradation occurred, either during transport or more likely in the
collecting vessel before sampling. In the presence of preferential/macropore flow, the DFE
particulate matter and bacteria were also leached into the collecting vessel, as indicated by
the color and turbidity of the collected leachate at the first sampling event. DFE bacteria
probably carried on estrogen degradation in the vessel until sampling (at day 2).
6.3.8 Advection-dispersion transport process of the inert tracer in the
presence and absence of heterogenous water flow and by-pass
flow
In addition to the bromide peak occurring during the first sampling event due to pref-
erential/macropore flow, another early bromide peak at 0.7 ± 0.2 PV was observed for
lysimeter L3, as well as for the average (n=16) bromide BTC presented in Appendix A.7.
A bromide breakthrough before 1 PV suggests that an enhanced advection-dispersion
(AD) transport took place in lysimeter L3. Generally, the larger the proportion of macro-
pores in the soil, the earlier the breakthrough. A breakthrough before 1 PV is usually
explained by heterogenous water flows, typically caused by local preferential/macropore
flow paths which do not connect the inlet and outlet of the lysimeter together [117].
Early breakthroughs are usually accompanied by late tailing and an asymmetrical BTC
shape. Ghodrati et al. [70] observed that in the presence of an inlet-outlet connected
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preferential/macropore flow, an enhanced conductivity of the inert tracer in the matrix zone
directly adjacent to the macropores was responsible for the early inert tracer breakthrough
between 0.13 and 1 PV. This phenomenon could also explain the early breakthrough of
bromide in lysimeter L3 in the present study.
In lysimeter L2, the second bromide peak, caused by bromide leaching through the
soil matrix, appeared late, at around 1.3 ± 0.3 PV. A breakthrough after 1 PV typically
illustrates the influence of by-pass flow. In the presence of strong preferential flow, a large
proportion of the water is indeed by-passing the soil matrix, reducing at the same time the
transport velocity of the solutes in the matrix micropores [132]. By-pass flow is therefore
responsible for a delayed solute transport behind the mean transport rate.
The bromide BTC in the leachate of lysimeter L4 shows a bromide breakthrough
close to 1 PV (0.9 ± 0.2 PV). This is an example of solute transport governed by
advection-dispersion in the absence of important preferential/macropore flow. The larger
the pore size distribution of the soil, the larger the mechanical dispersion and the larger
the variance of the BTC. As mentioned earlier, the larger the proportion of macropores,
the earlier the breakthrough and similarly, the larger the proportion of small pores, usually
associated with immobile pore water, the more important the diffusion of solute into the
micropore immobile water, the slower the transport and the more important the BTC
tailing effects.
6.3.9 Impact of sorption and degradation during estrogen transport
Unlike bromide, estrogens are subjected to significant sorption to the soil (see Section 2.3).
Estrogens are slightly hydrophobic, polar and weakly acidic compounds (see Table 1.1)
and at the soil pH (pH = 5.8), 17β -estradiol and estrone were mainly in their neutral form
(log
(
[AH]
[A−]
)
= 4.7). Estrogens can be involved in hydrophobic interactions at the air-water
interface, with the siloxane phase of minerals and with hydrophobic stretches of humic
substances. Weak hydrogen bonding between E2 and uncharged surface hydroxyl groups
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has been observed and can explain sorption of E2 to (hydro)oxides, clays [226] and soil
humic substances. It is also expected that E1 and E2 in their polar or anionic forms
would sorb to positively charged iron oxides in the Templeton soil and would neutralise
interlayer cations of phyllosilicates, also present in the Templeton soil [25]. Soil surfaces
with important CEC (cation exchange capacity), like humic substances, have a high
charge density of cations producing an electric field which offers possible electrostatic
interactions for anionic organic molecules, like estrogens in their polar or anionic forms
[25]. Moreover the hydration shell around the hydrated cations reduces the importance of
steric effects and allows a larger density of sorbed organic molecules [25].
In all lysimeters, E1 concentrations in the leachate or in the soil (see Section 6.3.12)
were usually higher than E2 concentrations probably as a result of the degradation of
E2 into E1 (see Chapter 5). The possible overestimation of E1 concentration during E1
quantification might also have contributed to the different concentrations obtained for E1
and E2 (see Section 6.3.1).
6.3.10 Hypotheses about the earlier breakthrough of estrogens over
bromide
As a result of significant sorption, it was expected that estrogen breakthrough would
be delayed over bromide breakthrough. However, in all lysimeters that received spiked
effluent, peak estrogen concentrations in the leachate seem to appear before bromide peak
concentrations (Figure 6.5 and 6.6). Three hypotheses can be formulated to explain the
earlier breakthrough of estrogens over bromide.
The first hypothesis is that the estrogen peaks coming out between 0.15 and 0.6 PV
would correspond to the first part of the BTC caused by estrogen transport by advection-
dispersion, transport which would be attenuated by the degradation of estrogens in the soil.
In this case, only the estrogens passing through the larger pores could reach the bottom of
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the lysimeters and be detected.
The second hypothesis involves the presence of antecedent concentrations of estrogens
in the soil profile, prior to treatment application, as suggested by Casey et al. [33]. The
deeper the presence of estrogens within the soil profile, the quicker they would reach the
bottom of the lysimeter following irrigation.
The third hypothesis is that an estrogen colloidal/DOM enhanced transport occurs in
the soil, especially in the presence of DFE.
The rest of this Section focuses on colloids and the colloidal enhanced transport of
contaminants. According to the IUPAC definition, colloids are particles with dimensions
in the range of 1 nm to 1 µm, even though some authors consider as colloids particles
up to 10 µm [28]. Because of their size, it has been observed that some colloids,
like bacteria, cannot enter the soil intra-aggregate pores, therefore moving faster than
an inert tracer, according to a phenomenon called size exclusion [89, 108, 153]. It
has also been shown that some contaminant mobility increased in the presence of
colloids, because the contaminants are attached to the colloids [117]. Colloidal and
DOM-enhanced transport of contaminants have been largely reported and reviewed by
McGechan and Lewis [152], Ouyang et al. [167] and more recently by Shein and Devin
[200]. Colloids are seen as a third phase in the soil, described as a mobile solid phase,
which can sorb contaminants in a similar way as the immobile solid phase, but can
migrate through the soil at similar or greater rates than the mobile aqueous phase [227].
Recently several studies suggested that colloidal facilitated transport was probably one
of the most significant factors contributing to the transport of estrogens in the field [33, 13].
There are three main types of colloids: mineral, organic and biological. Mineral col-
loids include mainly clays (even though they might be larger than 1µm) and (hydro)oxides
[152]. The Templeton soil contains 20-30% of clay-size particles, including 14-16% of
clay minerals and 0.7-0.8% of free iron oxides (Appendix A.2). Iron oxides are small
(10-100 nm) electro-positive colloids which contribute significantly to the total surface
area of the soil solid phase [25]. Among organic colloids in the soil, the most abundant
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and important for binding of chemicals are humic substances, typically fulvic and humic
acids [25]. Even the most polar humic substances, like fulvic acids, offer hydrophobic
functional groups for hydrophobic interactions, typically when organic colloids are linked
by iron oxides to inorganic colloids, so the polar functional groups of the organic colloids
are oriented towards the inorganic colloid and the non polar surfaces exposed to the
exterior [25]. Organic colloids are expected to be found in large quantities in dairy farm
effluent [16]. Biological colloids include viruses (1-100 nm) and bacteria (0.5- 3 µm)
which have a variety of chemical functional groups on their surfaces and are expected to
be found in both the soil and the effluent. Even though the biosorption of estrogens to the
microbial biomass has not been studied, it is known that bacteria can carry hydrophobic
organic contaminants sorbed onto them, like DDT, hexachlorobenzene and PAHs and
enhanced their mobility in porous media [118]. A study indicated that in the field a
significant proportion of bacteria cells are coated with hydrous metal oxides, suggesting
that bacteria and bacteria-mineral composites offer an important surface area for a large
range of contaminant sorption [146].
DOM is composed of a heterogeneous mixture of humic substances, hydrophilic acids,
proteins, lipids, carbohydrates, carboxylic acids, amino acids and hydrocarbons [252].
The role of DOM in the transport of organic contaminants in soil is very complex and still
not fully understood [159]. Some studies have shown that DOM enhances contaminant
mobility in soil by forming complexes with hydrophobic contaminants or by competing
for the sorption site on the soil aggregates [159]. But other studies have shown that
DOM-contaminant complexes can sorb to the soil or that soil aggregates coated by DOM
offer more binding sites for pollutants which in both cases decrease contaminant mobility
in soil [159]. It is therefore difficult to predict the influence of DOM on estrogen transport.
Sorption of estrogens to river colloids [138], wastewater colloids [96], suspended
particles coated by humic acid [180] and DOM [243] have been studied and reported
separately (see Section 2.3). Those studies showed that the sorption of estrogens to
colloids was important, with log Kcoc values ranging between 2.4 and 5.3 for different
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types of colloids, and that sorption to colloids can be rapid, reaching equilibrium within
5 min [138].
Like other particles in soil, colloids are subjected to preferential/macropore flow and
advection-dispersion processes, and depending on their physico-chemical properties, some
colloids can be sorbed/attached to the soil. According to their size, mechanical filtration of
colloids too large to pass through soil pores, also called straining, can greatly affect their
downward transport. Colloid mass removal by straining has been shown to be important
over the first 3 cm of packed sand columns and to be dependent on the colloid size and soil
grain size distribution [28]. Following application of DFE on undisturbed soil cores (silt
loam soil), it was observed that less than 11% of the carbon associated with the particulate
fraction of DFE > 2.7 µm was leached through the top 15 cm of soil, whereas 106% of the
carbon associated with the colloidal fraction of DFE < 2.7 µm was leached through the
top 15 cm of soil [16]. Colloid aggregation and flocculation, influenced by many chemical
factors like pH, soil solution ionic strength and particle surface charges, affect their
mobility, as flocs get more easily strained [28, 124]. Gravitational deposition and intercep-
tion of colloids within the soil matrix is more important for larger particles (> 5 µm) [167].
6.3.11 Effect of DFE on estrogens transport in soil
The application of DFE on the lysimeters might have affected estrogen distribution and
transport in the soil by introducing particulate and colloidal matter (see Table 6.1) to
which estrogens could be sorbed. Moreover, the effluent contained a high concentration of
monovalent Na+ ions, following spiking with NaBr, which, once applied on the soil, could
lead to the destabilization of aggregates and the production of colloidal material [167].
Because colloids tend to flocculate at high ionic strength, and conversely are stable at low
ionic strength, the stability of the colloids might vary with time in the present experiment,
as the DFE has a greater ionic strength than the irrigation water [167]. The one-off
application of DFE (pH = 8.0) might also have increased momentarily the soil solution
pH, which in turn probably reduced the sorption of the weakly acidic 17β -estradiol and
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Figure 6.7: Concentration of bromide [mg l−1] in the leachate and concentrations of estrone
[ng g−1 dry weight] and 17β -estradiol [ng g−1 dry weight] in the soil collected
from lysimeter S1 and S2 plotted against cumulative drainage [l]. The analytical
relative standard error on the data is 3% (see Section 3.4.2, error bars not shown).
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Figure 6.8: Concentration of bromide [mg l−1] in the leachate and concentrations of estrone
[ng g−1 dry weight] and 17β -estradiol [ng g−1 dry weight] in the soil collected
from lysimeter S3 and S4 plotted against cumulative drainage [l]. The analytical
relative standard error on the data is 3% (see Section 3.4.2, error bars not shown).
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estrone, because it increased the soil negative charge [159] and because at the effluent pH,
the estrogen neutral to anionic form ratio was smaller (log
(
[AH]
[A−]
)
= 2.7). Both the high
estrogen concentration and high ionic strength of the spiked DFE applied on the lysimeters
probably lead to an initial immobilisation of the estrogens in the immobile solid/water
phases, because chemical dispersion tends to equilibrate estrogen and ion concentrations.
The soil irrigation that followed, with low ionic strength water, probably caused the
diffusion of the immobilised estrogens back into the mobile water phase. Several field
studies suggest that short or long term applications of effluent are likely to result in the
enhanced downward transport of organic contaminant [159].
6.3.12 Soil estrogen concentrations
Estrogen concentrations in soil at 5-10 cm and 30-35 cm soil depths over time are
presented in Figure 6.7 and 6.8. In these Figures, the Br BTC in the leachate at 70 cm
depth gives an indication of the type of transport processes occurring in each lysimeter.
In the soil, the interpretation of the estrogen BTCs at the two different soil depths was
made difficult by the variation introduced by the soil sampling technique (see Section
6.2.4). This variation is probably responsible for the high peak concentrations after 25 l of
cumulative drainage observed in lysimeters S1 and S2 (see Fig. 6.7). The concentrations
of 17β -estradiol often close to or below the maximum soil background concentrations
(see Section 6.3.4) also need to be interpreted cautiously. As expected however, estrogen
concentrations were higher in the 5-10 cm soil layer than in the 30-35 cm soil layer,
because of the important sorption and degradation of estrogens in the soil. Moreover,
because of their important sorption, the estrogen breakthrough at 30-35 cm soil depth
tends to appear after the estrogen breakthrough at 5-10 cm soil depth (see Fig. 6.7 and
6.8). The early peaks of bromide within c. 0.1 PV in lysimeters S2 and S3 indicate the
presence of preferential/macropore flow in these two lysimeters. The average cumulative
volume at which the second peak of bromide appeared was not significantly different
between the lysimeters (n=16) used for leachate and soil sampling (P0.05-value = 0.52),
suggesting that soil sampling and backfilling of empty sampling holes did not interfere
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significantly with solute transport.
6.4 Conclusions
In this experiment, DFE spiked with 17β -estradiol, estrone and bromide was applied to
undisturbed Templeton soil monolith lysimeters. The total recoveries of all target com-
pounds suggested that sorption and degradation of estrogens were significant during estro-
gen transport in the Templeton soil. The results of this experiment also suggested that non-
negligible background concentrations can be expected at the soil surface in the field under
natural conditions (possibly from bird droppings). The study of the resulting breakthrough
curves enabled an improved understanding of some of the processes involved in estrogen
transport, including advection-dispersion and preferential/macropore flows. Surprisingly,
estrogen peak concentrations after c. 0.1 PV appeared before the bromide peak concen-
trations, despite estrogen sorption to the soil. Three hypotheses have been formulated to
explain the earlier breakthrough of estrogens over bromide, including the occurrence of a
potential colloidal enhanced transport of estrogens. Those hypotheses will be tested in the
next Chapter by using an inverse-modelling approach.
Chapter 7
Modelling of Estrogen Transport in the
Soil
7.1 Introduction
In the previous Chapter the bromide and estrogen transport in the Templeton soil was dis-
cussed and at least two transport processes were identified, namely advection-dispersion
(AD) and preferential/macropore flow. Moreover, in order to explain the earlier break-
through of estrogens over bromide, three hypotheses were formulated: i) the AD transport
of estrogens coupled with an important estrogen degradation; ii) the presence of antecedent
concentrations in the soil; and iii) the transport of estrogens via colloidal enhanced trans-
port. In order to better understand the importance of each transport process and to test
the different hypotheses, the transport of bromide and estrogens were modelled using an
inverse modelling approach. The model used in the present study was adapted from a
state-space mixing-cell model by Bidwell [23] and alterations to this model were made to
account for the unstable nature of estrogens and to simulate their possible colloidal en-
hanced transport.
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7.2 Model description and application
7.2.1 Conceptual description of the model
Based on the assumption that bromide and estrogens are subjected to transport via
preferential/macropore flow, advection-dispersion and possibly via colloidal enhanced
transport processes, a three transport process model was conceived. Each process is
described by a modified version of the Advection-Dispersion Equation (see Section 7.2.2).
In this model, these three transport processes run in parallel, each one participating in a
fraction of the overall transport (see Figure 7.1).
To simulate the advection-dispersion (AD) transport of bromide and estrogens, the
model assumes that the soil is composed of a mobile and immobile phase. The immobile
phase is composed of the immobile intra-aggregate micropore water, as well as the solid
and immobile soil matrix. Only the mobile water phase (θm) participates in the transport
of solutes through the soil profile. It is assumed that only a fraction of the solutes applied
on the soil surface initially enter the mobile water phase and is distributed within a depth
d. The rest of the applied solute mass can be seen as an immobile solute mass fraction
which is not transported, but which is dissolved in the immobile water within an infinitely
small soil depth. This immobile mass is released in the mobile phase (Cin) at a rate a.
Equilibrium sorption (RAD) and degradation (k) of estrogens occur during their resident
time in the soil. The relatively large dispersivity (λ ) associated with the AD transport
process is described by a small Peclet (Pe) number (see Section 7.3.3).
To simulate the colloidal enhanced transport of estrogens, the same concept used to
simulate AD transport is used, but in this case all the estrogens are assumed to be sorbed
to colloids and the RCol factor represents the attachment of colloids to the immobile soil
matrix. In order to describe the enhanced transport of estrogens with colloids, the Pe
number associated with the colloidal enhanced transport process is larger than for the
AD transport process and the RCol is expected to be smaller than RAD. Moreover another
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Figure 7.1: Schematic representation of the model used in this experiment, with up to 3 trans-
port processes running in parallel, advection-dispersion (FAD), colloidal enhanced
transport (Fcol) and preferential/macropore flow (Fmacro).
parameter is added to account for the straining of the colloids (σ ) (see Section 6.3.10).
To simulate the preferential/macropore flow transport of bromide and estrogens, all the
solute mass is assumed to be mobile, thus no sorption can occur and all the solute mass
initially enters the mobile phase. The preferential/macropore flow is assumed to be a rapid
transport process with no interaction with the immobile phase. Therefore the Pe number
associated with the preferential/macropore flow process is assumed to be infinitely large.
It is also assumed that estrogen resident time in the soil is too short for degradation to
occur. However, degradation in the collecting vessel may take place (κ) (see Section 6.3.7).
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7.2.2 Mathematical description of the mixing cell model
The Advection-Dispersion Equation (ADE)
The Advection-Dispersion Equation is the foundation of most models describing solute
transport in soil. Solute transport in soil can be represented by the mass of solutes per unit
area per time, Js [mass area−1 time−1], also called solute mass flux [115]. The transport of
solutes in soil is the result of two processes, the passive advection of dissolved solutes with
the mobile water and the random mixing of solutes by diffusion and dispersion within the
soil solution, as described by:
Js =−θD∂C
r
l
∂ z
+ JwCrl (7.1)
where Crl is the mass of dissolved solutes per water volume [mass volume
−1], D the
effective diffusion-dispersion coefficient [area time−1], z the soil depth [distance], θ the
soil water content [volume volume−1] and Jw the water flux [volume area−1 time−1]. The
differential ADE is a combination of Eq. 7.1 and the solute mass conservation Equation
expresses as:
∂θCrl
∂ t
+
∂Js
∂ z
= 0 (7.2)
which is the expression of mass conservation for mobile, nonvolatile solutes which do
not undergo reactions in the soil. Therefore assuming a steady state water flow through a
medium with a uniform water content θ , the combination of Eq. 7.1 and 7.2 produces the
Advection-Dispersion Equation (ADE) :
∂Crl
∂ t
= D
∂ 2Crl
∂ z2
−V ∂C
r
l
∂ z
(7.3)
where V = Jw/θ is the pore water velocity [distance time−1]. The ADE (Eq. 7.3) can
be solved in infinite soil for the following initial condition (t = 0):
Crl (z,0) =
δ (z)
θ
, (7.4)
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where δ (z) is the Dirac delta function, with the form of a Gauss function, describing a
pulse of solute added to the soil inlet. After applying the Fourier transform to both Eq. 7.4
and Eq. 7.3, the solution for the resident Advection-Dispersion Equation (ADE) is [115]:
Crl (z, t) = f
r(z, t) =
1
2
√
piDt
exp
{
−(z−Vt)
2
4Dt
}
(7.5)
Eq. 7.5 is a Gaussian function expressing the probability density function f r(z, t) of
the distance z travelled by solute particles in time t, assuming a one dimensional, vertical,
steady, advective-dispersive transport of solute through soil, with a mean travel distance
Vt. When irrigation is applied irregularly, as it was the case in the lysimeter experiment
(see Chapter 6), the water flow is not steady, but transient, and solute transport should
be expressed in terms of cumulative drainage I [volume or distance over a known area]
instead of time [23]. This is possible by the fact that the dispersion D is linearly related to
the velocity V by the dispersivity λ [distance] by:
D = λV (7.6)
which results in dispersion being independent from the flow rate and the distance along
the column and only dependent on the mean distance travelled by the solute particles.
Considering θm as the fraction of mobile soil water, the mean solute travel distance can
also be described as I/θm, therefore:
V t =
I
θm
(7.7)
By substituting Eq. 7.6 and 7.7 into Eq. 7.5, Eq. 7.5 can be expressed in terms of
cumulated drainage and for a particular observation depth z = L, as follows:
f (I,L) =
L
I
1√
2pi(2λ I/θm)
exp
{
−(L− I/θm)
2
2(2λ I/θm)
}
(7.8)
with a distribution mean of Lθm, a variance of 2λLθ 2m and a ratio of variance to mean
equal to 2λθm.
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The state-space mixing cell model
A mixing cell model computes concentration changes resulting from the mixing of water
and convective transport of solutes for a series of mixing cells and can therefore be pre-
sented as a finite volume model of the advection-dispersion process [22]. Based on solute
mass balance for each cell, the change of solute mass in a cell for a time step is equal to
the solute flux into the cell minus the solute flux out of the cell:
W
dc(t)
dt
= q(t)cin(t)−q(t)c(t) (7.9)
where W is the volume of a mixing cell, q(t) is the water flux flowing through the cell,
cin(t) and c(t) are the solute concentration in the inflow and the outflow, respectively. By
substituting the incremental drainage dI = q(t)dt into Eq. 7.9, we obtain:
W
dc
dI
+ c = cin (7.10)
which is a first-order linear equation with the following solution:
f (I) =
I
W
exp
{
− 1
W
}
(7.11)
which distribution has a mean W , a variance W 2 and a ratio of variance to mean of W .
Because Eq. 7.8 and Eq. 7.11 both describe the distribution of solute transit through the
soil in function of the cumulated drainage f (I), but at different scales, their variance to
mean ratios are identical, which allows to describe the volume of a cell as W = 2λθm. In
order to extend the description of f (I) (Eq. 7.11) along the soil profile, a number a mixing
cells is set in series, with a resulting response described by:
f (I) =
In−1
(n−1)!(2λθm)n exp
{
− I
2λθm
}
(7.12)
The state-space mixing cell model is a discrete model based on the assumption that
within a cell the solute is perfectly mixed. As the mean travel distance in the infinite model
is Lθm and the mean travel distance for one mixing cell is 2λθm, the total number of cells
n required to describe f (I) is n = Lθm/2λθm = L/2λ . The Peclet number (Pe) is by defi-
nition Pe = L/λ and therefore n = Pe/2. The Gaussian shape of Eq. 7.12 becomes closer
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to the shape of Eq. 7.8 as n increases and Eq. 7.12 gives then a practical representation
of unsteady transport of inert solutes. However Eq. 7.12 can be further adapted, assuming
that solutes may undergo sorption or transformation in a cell before entering the next cell.
Retardation factor R
Solute sorption to the soil slows down their migration through the soil profile. The extent
of the retardation depends on the partition of the solute between the solid and solution
phases, which, considering linear equilibrium sorption, can be expressed by:
Crs = KdC
r
l (7.13)
where Kd [volume mass−1] is the solute partition coefficient and Crs and Crl the resident
concentrations of solute sorbed to the solid phase (s) or dissolved in the solution (l), re-
spectively. The retardation factor R can be regarded as the ratio between the total resident
solute mass and the dissolved mass on a soil volume basis. Thus if a sorbing chemical is
added to the dissolved phase, it will take R times as long as a non sorbing chemical to travel
the same distance [115]. Considering the total solute resident concentration per volume of
soil [mass volume−1] as Crt = ρbCrs +θCrl , with ρb the soil bulk density [mass volume
−1],
Eq. 7.13 can be rewritten as [115]:
R =
Crt
θCrl
= 1+
ρbKd
θ
(7.14)
To take into account linear equilibrium sorption of solutes, the state-space mixing cell
model Equation (Eq. 7.12) takes the form of [23]:
f (I) =
In−1
(n−1)!(2λθmR)n exp
{
− I
2λθmR
}
(7.15)
Computational form
Eq. 7.15 is the probability density function of a solute concentration in soil for a series
of n cells. In order to use it for practical purposes, Eq. 7.15 must be transformed in a
computational form, which calculates the dissolved solute resident concentration cr( j) for
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each rth cell for 1 < r < n [23]. The volume of drainage collected at the jth sampling
event is expressed as a drainage interval dI( j) and the input concentration cin is assumed
constant during dI( j). Thus, using
α( j) =
dI( j)
2λθmR
(7.16)
for simplification, and m as a summation index, the computational form of Eq. 7.15 takes
the form of [23]:
cr( j) = exp(α( j))
[
r−1
∑
m=0
(
α( j)m
m!
cr−m( j−1)
)]
+
{
1− exp(−α( j))
[
r−1
∑
m=0
(
α( j)m
m!
)]}
cin( j) (7.17)
A practical way of calculating the term α( j)
m
m! is described by Bidwell in [23]. Eq. 7.17
has been used in this study to sequentially calculate the resident concentrations of solutes
along the lysimeter soil profile, whatever the transport process considered.
The initial concentration distribution
It was assumed that only a fraction of the solute mass applied on the lysimeters was ini-
tially entering the mobile phase. Only this mobile mass fraction Fm [%] is available for
transport. Initially ( j = 0) the mobile mass was assumed to be distributed exponentially ac-
cording to a defined depth d [distance]. Therefore the initial solute resident concentration
Cr, j=0 [mass distance−1] is described by:
Cr, j=0 =
SinFm
100
[
exp
(
−−2λ rd
)
− exp
(
−−2λ (r+1)d
)]
2λθ
(7.18)
with Sin [mass area−1] the initial concentration of solute applied on the soil surface. The
residual concentration Cr, j=0 was calculated for each cell r, until r = n, the total number of
cells.
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Input concentration
The immobile solute mass fraction (Fim) [%] played the role of a solute reservoir. The
immobile mass was assumed to be transferred in the mobile water phase at a transfer rate
a [distance−1]. Therefore the input concentration cin( j) [mass volume−1] was obtained
for each sampling event j by:
cin( j) =
SinFim
100
[
exp(−a I j)− exp(−a I j+1)
dI( j)
]
(7.19)
with I j the cumulative drainage at the jth sampling event.
7.2.3 New assumptions and model modifications
Degradation
Estrogens are subjected to dissipation in the soil, mainly attributed to degradation, with a
half-life of less than a day (see Chapter 5). In Chapter 5, estrogen dissipation in soil has
been described by a first-order dissipation process, in which the dissipation of the solute
mass per volume of soil was proportional to the total resident concentration. In order to
account for estrogen dissipation in the model, Eq. 5.1 was inserted into Eq. 7.17 to give:
cr( j) = exp(−kt)exp(α( j))
[
r−1
∑
m=0
(
α( j)m
m!
cr−m( j−1)
)]
+
{
1− exp(−α( j))
[
r−1
∑
m=0
(
α( j)m
m!
)]}
cin( j) (7.20)
with k [time−1] the degradation rate of estrogens in the soil, assuming a uniform
degradation rate along the soil profile.
The degradation of estrogens also affected the input concentration cin( j) during the
interval of time between two sampling events dt = t j+1− t j, implying that the immobile
solute mass is also subjected to degradation. For 17β -estradiol (E2), which has a degrada-
tion rate k2, Eq. 7.19 is therefore modified as follow:
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cin,E2( j) = SinFim100
[
exp(−a I j)−exp(−a I j+1)
dI( j)
] [
exp(−k2 t j)−exp(−k2 t j+1)
k2 dt
]
(7.21)
As indicated in Chapter 5, because the first degradation product of 17β -estradiol
(E2) is estrone (E1), the degradation of E1 over time, which has a degradation rate k1, is
described by Eq. 5.8. Using Eq. 5.8 to account for the contribution of E2 degradation, the
input concentration cin( j) of E1 is calculated as follow:
Cin,E1( j) =
SinFim
100
[
exp(−a I j)− exp(−a I j+1)
dI( j)
]
[
exp(−k1 t j)− exp(−k1 t j+1)
k1 dt
+
1− (exp(−k2 t j)− exp(−k2 t j+1))
k2 dt
]
(7.22)
When simulating preferential/macropore flow, the Cin,macro was assumed to be equal
to the concentration of solute in the spiked DFE applied on the lysimeters for j=1 and
to be equal to zero for j > 1. It was indeed assumed that estrogens carried by prefer-
ential/macropore flow underwent no sorption or degradation. However as discussed in
Section 6.3.7, preferential/macropore flow probably transported the microbes associated
with the DFE simultaneously with a fraction of the applied estrogens. Because the DFE
bacteria and the estrogens were collected together in the collecting vessel, degradation of
the estrogens by the DFE bacteria might have taken place in the vessel before the first sam-
pling event. In order to account for the degradation of E2 and E1 in the collecting vessel
before the first sampling event, in the presence of macropore flow, Cr, j=1, the total resident
concentration at the first sampling event, was calculated by means of Equations 5.1 and 5.8
using the concentrations of E2 and E1 in the spiked effluent as initial concentrations and
κ1 and κ2 [time−1] as the degradation rates of E2 and E1, respectively, in the collecting
vessel.
Addition of an enhanced transport process
In order to test one of the hypotheses put forward in Chapter 6 to explain the enhanced
transport of estrogens over bromide, a colloidal enhanced transport process was introduced
in the model. The size exclusion effect associated with the colloids and the relatively
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limited reversible attachment of the colloids to the soil were responsible for the enhanced
transport (see Section 6.3.10). The same Equations as described above were used, but an
additional parameter was added to account for the straining of colloids (see Section 6.3.10).
Assuming that colloid straining is a first-order process with respect to transport distance
at a rate σ [distance−1], Eq. 7.20 was further modified as follows:
cr( j),col = exp(−kt)exp(α( j))
[
r−1
∑
m=0
(
α( j)m
m!
cr−m( j−1)exp(−σ2λm)
)]
+
{
1− exp(−α( j))
[
r−1
∑
m=0
(
α( j)m
m!
)]}
cin( j)exp(−σ2λnr) (7.23)
In the model used in this study, the overall transport of solutes were caused by up to
three processes in parallel, called advection-dispersion (AD), preferential/macropore flow
(macro) and enhanced transport (Col). FAD, Fmacro and FCol are the fraction of participa-
tion of each process to the overall transport. To simulate estrogens and bromide concen-
trations in the leachate over time, the resident concentration cr( j) were calculated for each
sampling event j and for a series of cell nr until 2λnr = L for each process separately. The
overall concentration of each compound at a sampling event j, Cr( j) was eventually given
by:
Cr( j) = cr,AD( j) FAD+ cr,macro( j) Fmacro+ cr,Col( j) FCol (7.24)
Resident concentration in the soil
The same model was also used to simulate estrogen resident concentrations in the soil at
any observation depth l [distance]. The resident concentrations in each cell cr( j) were cal-
culated for each sampling event j, and for a series of cell nr, until 2λnr = l. In order to com-
pare the predicted and measured concentrations of estrogens in the soil, the total resident
concentration expressed per volume of water were calculated for the corresponding mass
of soil, as described in Eq. 7.25. The estrogen mass transported by preferential/macropore
flow was not accounted for, because it was considered as having no interaction with the
soil.
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Cr( j) = θρb
(
cr,AD( j)FAD+ cr,Col( j)FCol
)
(7.25)
7.2.4 Model application
Fitting procedure
The present model was implemented on Excel spreadsheets and the parameters R, Pe, θm,
k, κ , σ , a, d, FAD,macro,Col and θ were adjusted by visually comparing the measured data
BTCs with the response of the model. The parameters were adjusted for each process,
each lysimeter and/or each compound, using as much as possible constraints based on
results from previous experiments or from other studies reported in the literature. Bromide
and estrogen concentrations measured in the leachate of lysimeters L2, L3 and L4 were
used for this inverse modelling, but as stated in Chapter 6, data from lysimeter L1 were
not reliable enough and were therefore ignored, as well as all concentrations below the
maximum leachate background concentrations. First the bromide data were used to
adjust the Pe, θm, θ , a, d, FAD,macro parameters in the AD and macro processes. Those
parameters were unchanged when simulating estrogen transport via advection-dispersion
or preferential flow. However the same parameters could not be used to simulate the
colloidal transport of estrogens, because bromide is a solute tracer and not a colloidal tracer.
Soil estrogen concentrations measured in S lysimeters were used to check the validity
of the model to predict concentrations in the soil at two different depths. Even though the
estrogen concentrations in the soil and in the leachate were measured in different lysime-
ters, the same model and set of parameters were used to predict concentrations in the
leachate and in the soil. Therefore pairs of L and S lysimeters were formed, in which sim-
ilar transport processes occurred. The pairs were formed based on the similarity of their
bromide BTCs. The best matches between the L and S bromide BTCs were obtained for
the following pairs, L3-S2, L2-S3 and L4-S4, as shown in Figure 7.2.
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Figure 7.2: Bromide breakthrough curves from the pairs of L and S lysimeters plotted over
the cumulative drainage and over time.
Data analysis
In order to evaluate how well the model was describing the data a coefficient of determina-
tion R2 was calculated as follow:
R2 = 1− ∑(yi− fi)
2
∑(yi− y)2 (7.26)
with yi the observed values measured in the experiment, fi the values predicted by
the model and y the average of the observed values. Calculated this way, the coefficient
of determination can never be above 1, but can be negative, especially when a model to
which data are compared is not derived from a model-fitting procedure based on those
data, which was the case in this study when predicting the concentrations in the soil [35].
The R2 is unitless and therefore allows a comparison between the different solutes and
depths of observation. Because the soil sampling events occurred at different times than
the leachate sampling events, the model data were smoothed using Sigma Plot to obtained
model responses closer to the soil sampling time.
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In order to better visualise where the model mismatched the data, the relative residuals
ρ(yi, fi) were calculated as follows:
ρ(yi, fi) =
yi− fi
yi
(7.27)
and can vary from −∞ to 1, because fi and yi are always larger than zero. The average
of the residuals for each sampling event was determined for both soil and leachate samples.
The sensitivity of the model response to the variation of a single parameter was eval-
uated. Sensitivity analysis was carried out using the initial parameters shown in Ap-
pendix A.12. A single parameter was increased or decreased by 5, 10 and 15% and the
resulting BTCs recorded.
7.3 Results and Discussion
The best model fits for each data set are shown in Figure 7.4 to 7.6 and the corresponding
parameters for the three transport processes are presented in Table 7.1. Better fits could be
obtained for the data expressed over time, than for the data expressed over the cumulative
drainage, probably because time-dependent processes, like degradation, tend to dominate
the estrogen dynamic in soil. The adjustment of the parameters used to predict bromide and
estrogen transport by advection-dispersion and preferential/macropore flow are discussed
first, and the adjustment of the parameters to describe the colloidal enhanced transport
process is discussed later.
7.3.1 Mobile versus immobile fraction and volumetric soil water con-
tent
A mobile and immobile water phase are considered in this model (see Figure 7.1). Water
shell coating the soil aggregates, as well as water inside intra-aggregate micropores
are usually considered as immobile water [124]. In immobile water, solute transport is
controlled by molecular diffusion. However, at a macroscopic scale, these movements are
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negligible in comparison with solute transport in the mobile phase. The fraction of mobile
soil water, θm, represents therefore the fraction of soil water participating to the transport
of solute. The fraction of mobile water θm depends on the soil structure and texture.
Because θm also depends on the degree of saturation of the soil, it is by definition a fraction
of the total volumetric soil moisture θ . The fraction of mobile water (θm) was adjusted
in the three individual lysimeters using the bromide BTCs (see Table 7.1). The larger
the volume of water in which the solutes are transported, the later their breakthrough. In
lysimeter L4 and L3, θm represented 88% and 90% of the total water content, respectively.
For lysimeter L2, two different values of θm were necessary to describe the data. The first
θm value before 30 DAT (days after treatment) was very large, but necessary to simulate
the late breakthrough already attributed to bypass flow (see Chapter 6). In each individual
lysimeter, the same θm values adjusted on the bromide BTCs were used to predict estrogen
transport.
The soil volumetric moisture content θ was not specifically measured in the lysimeters
used for the transport experiment. However, this parameter was introduced in the model to
predict solute concentrations in the soil (see Eq. 7.25). In order to reduce the number of
parameters to adjust, the parameter θ was also used to estimate the fraction of mobile (Fm)
and immobile (Fim) mass. It was assumed that the fraction of applied solute mass entering
the mobile water phase was proportional to the fraction of mobile water, as follows:
Fm =
θm
θ
100 = 100−Fim (7.28)
This assumption can be justified if it is considered that at time zero the mass is
instantly and equally distributed, within a infinitely small soil depth, between the mobile
and immobile water fraction by diffusion. Still at time zero, only the mobile solute mass
is then distributed according to the characteristic depth d. By adjusting the parameter θ
on the data, a common value of θ = 0.31 [m3 m−3] was found for all the lysimeters. This
value is an estimation of the average soil moisture content along the soil profile and over
time. This estimated value of θ corresponds to the maximum Templeton soil moisture at
field capacity (0.16-0.31) (see Table 4.1).
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To simulate estrogen transport by preferential/macropore flow process, θm=θ=0.31,
according to the assumption that in preferential/macropore flow process all the water is
mobile (see Section 7.2.1).
7.3.2 Initial distribution of solutes in the immobile phase and release
in the mobile phase
The mobile solute mass applied on the lysimeters at time zero was assumed to be
exponentially distributed in the top soil according to a characteristic depth d, before the
leaching process started (see Figure 7.1). A characteristic depth d of 5 cm was found to
best fit the bromide BTC in lysimeter L4 (see Table 7.1). This means that most of the
solute mass, but not all, was initially distributed within a soil depth of 5 cm, as illustrated
by Figure 7.3. Considering a top soil porosity of 56% (Appendix A.2), the volume of
5 l applied on the lysimeter surface (0.189 m2) would penetrate to a depth of 4.7 cm.
Therefore it can be expected that the solute mass in the 5 l applied penetrated at least
up to a depth of 4.7 cm, which is close to the d value found with the model. In the two
other lysimeters however a significantly larger input depth d was found and attributed to
the presence of preferential flow. Ghodrati et al. [70] observed that solute transported via
preferential/macropore pathways were entering the soil matrix along the way down the
soil profile because of a concentration gradient. Therefore, it is believed that bromide and
estrogens carried rapidly along the soil profile by preferential flows might have diffused
into the soil matrix further down the soil profile. From there they were transported by
advection-dispersion in the soil matrix. The same values of d were used for bromide and
estrogen transport modelling within the same lysimeter.
The immobile solute mass, dissolved in the immobile water, can be seen as a solute
reservoir. As discussed in Chapter 6, the irrigation of the lysimeters with low ionic
strength water, which also have zero concentration of the target compounds, typically
triggered the diffusion of the solutes from the immobile water back to the mobile water.
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Figure 7.3: Soil depth distribution of the mobile solute mass defined by a characteristic soil
depth d
The model considers therefore a one-way solute mass transfer of the immobile mass into
the mobile phase at a transfer rate a [m−1] proportional to the amount of irrigation (see
Figure 7.1). The smaller the transfer rate a, the more it contributes to the tailing of a
solute BTC. Because the mass transfer rate a was not a very sensitive parameter in this
model (see Section 7.3.8), it was difficult to adjust it precisely. Therefore a similar transfer
rate of 5 m−1, determined by Bidwell [22] to describe bromide leaching in undisturbed
lysimeters, was used to predict bromide and estrogen leaching by advection-dispersion in
all lysimeters in the present model (see Table 7.1).
7.3.3 Dispersivity and Peclet number
Because the Peclet number (Pe) is inversely related to the dispersivity (λ ) (see Section
7.2.2), the latter was indirectly adjusted by adjusting the Peclet number. When considering
solute transport at a macroscopic scale, it is observed that some solutes are ”behind”
or ”ahead” of the mean groundwater which is carrying them. This distribution of the
solute along the z axis is described, in this one-dimensional model, by the longitudinal
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dispersivity (λ ). The dispersivity is mainly dependant on the pore properties of the soil,
with a larger pore size distribution leading to a larger dispersivity [171]. The dispersivity
is also dependent on the length of the soil column (see Section 7.2.2). Because a better
correlation between the ADE Equation (Eq. 7.8) and the mixing cell model Equation
(Eq. 7.12) exists for a Pe greater than 20 [23], it was decided to avoid to use a Pe smaller
than 10. With a column length of 70 cm and a Pe of 10, the maximum dispersivity
considered in this model was 0.07 m. Bromide transport by advection-dispersion in
lysimeter L4 and L3 was well described using a dispersivity value close to 0.07 m (see
Table 7.1). In lysimeter L2, the larger Pe and smaller λ were necessary to describe the late
breakthrough. The same Pe values used to fit the bromide BTCs in each lysimeter were
also used to predict estrogen leaching by advection dispersion.
To simulate the rapid preferential/macropore flow transport process the Pe number was
set to values larger than 70, which corresponds to dispersivity λ smaller than 0.01 m (see
Table 7.1).
7.3.4 Sorption and degradation of estrogens
There are two factors however that need to be determined specifically for estrogens. One
of those is the degradation rate (k) of estrone and 17β -estradiol in the soil. Estrogen
dissipation rates were determined in a separate incubation experiment carried out in the
Templeton soil under temperature and moisture conditions similar to those characterising
the transport experiment (see Chapter 5). The simple exponential dissipation model and
the corresponding dissipation rates were chosen over the availability-adjusted model,
because the simple exponential model predicted well the contribution of E2 degradation
to E1 concentration and was easier to combine with the transport model. Because the
dissipation of estrogens determined in Chapter 5 was mainly attributed to degradation,
the dissipation rates determined in the incubation experiment was used in the transport
modelling and considered as degradation rates. Average degradation rates of 1 and 2 d−1
(or 0.042 and 0.083 h−1) were therefore used for E1 and E2, respectively, in all the
lysimeters. Estrogen degradation was considered to happen in both mobile and immobile
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water (see Section 7.2.3). Those degradation rates, fell within the range of degradation
rates obtained in other studies reported in the literature, in which estrogen transport
was modelled. With their complex and comprehensive transport model, Fan et al. [61]
determined a degradation rate of 0.165 h−1 for E2 in the aqueous phase. In their two site
sorption transport model, where the degradation rates were optimised, Casey et al. [31]
found degradation rate of 0.09 h−1 ± 0.02 for E2 and 0.14 h−1 ± 0.09 for E1. Eventually,
using Hydrus-1D, Das et al. [48] obtained hormone degradation rates in two different soils
of 0.085 h−1 and 0.014 h−1 for E2 and 0.835 h−1 and 0.041 h−1 for E1.
The second factor that needs to be determined specifically for estrogens is the
retardation factor R, which accounts for solute equilibrium sorption to the soil. The
retardation factor is related to the equilibrium sorption coefficient Kd by Eq. 7.14. For
bromide, the R factor was set to 1, assuming no sorption of the inert tracer to the solid
phase, as other authors have done previously [48]. For estrogens, the estimation of
the R factor was based on Kd values reported in the literature. Kd values varying from
9.1 l kg−1 to 55 l kg−1 for E2 and varying from 2.8 l kg−1 to 30 l kg−1 for E1 were
used in different estrogen transport models reported in the literature [31, 61, 190]. These
reported Kd values correspond to R values of 42 to 249 for E2 and 14 to 137 for E1,
using a soil bulk density ρb of 1.4 g cm−3 and a θ of 0.31 m3 m−3. Even higher Kd
values were determined from batch experiments (See Section 2.3). In the present model,
the combination of high estrogen sorption and degradation rates flattened the predicted
BTC curve to zero concentrations. The R factor had to be lowered below 2 for predicted
estrogen concentrations to be detected at 70 cm depth. It does not seem reasonable to
use such a low R factor to predict the advection-dispersion transport of estrogens. By
keeping a low, but reasonable R factor of 13, the degradation rate k has to be lowered
in some cases below 0.15 d−1 for E1 and below 0.5 d−1 for E2 to be detected at 70 cm
depth. Such low degradation rates are again very improbable under the conditions used.
Moreover, even with a combination of so low degradation and sorption rates, it was impos-
sible to predict a BTC with a similar shape than the observed BTCs in any of the lysimeters.
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Estrone and 17β -estradiol degradation rates in the collecting vessel κ1 and κ2 were
found to be slightly different between lysimeter L2 and L3 probably because of a dilution
effect. In lysimeter L2, the extent of preferential/macropore flow pathways were more
important and therefore more bacteria might have been co-transported (see Table 7.1). But
in both lysimeters, the ratio of κ2 to κ1 is the same.
7.3.5 Early breakthrough of estrogens over bromide: 3 hypotheses
tested
Thus the estrogen BTCs could not be predicted by advection-dispersion and preferen-
tial/macropore flow transport processes, using the parameters adjusted with the inert
tracer, plus using pre-determined degradation and sorption rates in agreement with the
literature. Therefore the hypothesis formulated in Chapter 6 suggesting that the small
and early estrogen breakthrough could come from an early leaching of estrogen via
advection-dispersion attenuated by degradation was rejected.
A second hypothesis was made to explain the early estrogen breakthrough over the
bromide breakthrough and involved antecedent concentrations in the soil (see Chapter 6).
A similar hypothesis was done by Casey et al. [33] but could not be completely rejected
because they did not measure antecedent concentrations in the soil. To test this hypothesis
the set of parameters defined for estrogen transport by AD in lysimeter L4 were used.
The input concentration Cin were set to zero and antecedent concentrations along the soil
profile were set as initial concentrations cr, j=o. The estimation of cr, j=o in each cell along
the soil profile was based on the highest background concentrations measured in the soil
at 5-10 cm and 30-35 cm depths (in lysimeter S7, day 1, see Section 6.3.4). Between
those two points of reference, the initial concentrations cr, j=o were assumed to be linearly
distributed along the soil profile. Even under this worse case scenario the model predicted
no breakthrough of either E2 or E1 at 70 cm depth. By lowering the degradation rate
and the R factor dramatically, a BTC could be obtained, but under those conditions, the
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added estrogens applied with the effluent would have resulted in recovered concentrations
considerably larger than what was observed. Therefore, it was assumed that antecedent
concentrations could not explain the observed BTCs.
In order to explain the earlier breakthrough of estrogens over bromide it was also
hypothesised that estrogen could be subjected to colloidal enhanced transport (see
Chapter 6). Several authors have suggested that colloidal enhanced transport could be
an important process contributing to estrogen transport in soil [33, 61, 190]. However
modelling of estrogen colloidal transport has not been specifically reported. Unlike most
reported transport experiments where estrogens have been applied as a pure solution, in the
present study estrogens were applied with dairy farm effluent, which contains a fraction of
colloidal-size particulate material (see Table 6.1 and [16]). The application of estrogens
with DFE therefore increases the number of colloids available for estrogen transport. Soil
structure and the related transport parameters have been shown to be the most important
factors controlling the leaching of colloids [178]. The transport of colloids and of the so-
lutes associated with them is expected to be important in the presence of large pores, high
water flow and available colloids. Poulsen et al. [178] observed that clay colloid transport
velocities were three to four times larger than bromide velocities. In the present experiment
peak estrogen concentrations associated with colloidal transport came out c. 3, 2 and
5.5 times earlier than bromide peak concentrations in lysimeter L4, L3 and L2 respectively.
7.3.6 Colloidal transport of estrogens
The colloidal enhanced transport of estrogens assumes that estrogens are bound to colloids
and that colloids are transported in the soil (see Section 6.3.10). Two of the main processes
which dominate the colloidal enhanced transport of estrogens are related to the size of
the colloids. The size-exclusion of colloids is responsible for the enhanced transport,
whereas colloid straining, which occurs when colloids are too large to enter the soil pores,
is responsible for the irreversible retention of colloids in the soil.
129 Modelling of Estrogen Transport in the Soil (Chapter 7)
Table 7.1: Model model parameters for lysimeters L2, L3, L4
Sol.- Proc. θm [-] Pe [-] (λ [m]) R[-] k [d−1] σ [m−1] a [m−1] d [m] F [−] κ [d−1]
L4
Br - AD 0.265 12 (0.058) 1.0 - - 5 0.05 1 -
E2 - AD 0.265 12 (0.058) 13 2 - 5 0.05 0.86 -
E1 - AD 0.265 12 (0.058) 13 1 - 5 0.05 0.98 -
E2 - Col. 0.056 60 (0.012) 1.5 0.25 5.4 5 0.02 0.14 -
E1 - Col. 0.046 60 (0.012) 1.4 0.25 5.4 5 0.02 0.02 -
L3
Br - AD 0.280 10 (0.070) 1.0 - - 5 0.3 0.85 -
E2 - AD 0.280 10 (0.070) 13 2 - 5 0.3 0.30 -
E1 - AD 0.280 10 (0.070) 13 1 - 5 0.3 0.05 -
E2 - Col. 0.100 30 (0.035) 1.9 0.25 2.3 5 0.05 0.55 -
E1 - Col. 0.050 60 (0.012) 1.5 0.25 2.3 5 0.05 0.80 -
Br - macro 0.310 >70 (<0.01) - - - - - 0.15 -
E2 - macro 0.310 >70 (<0.01) - - - - - 0.15 2
E1 - macro 0.310 >70 (<0.01) - - - - - 0.15 0.9
L2
Br - AD 0.400/0.180 20 (0.035) 1.0 - - 5 0.2 0.37 -
E2 - AD 0.400/0.180 20 (0.035) 13 2 - 5 0.2 0.36 -
E1 - AD 0.400/0.180 20 (0.035) 13 1 - 5 0.2 0.23 -
E2 - Col. 0.042 60 (0.012) 1.5 0.25 3 5 0.05 0.01 -
E1 - Col. 0.042 60 (0.012) 1.2 0.25 3 5 0.05 0.14 -
Br - macro 0.310 >70 (<0.01) - - - - - 0.63 -
E2 - macro 0.310 >70 (<0.01) - - - - - 0.63 3.6
E1 - macro 0.310 >70 (<0.01) - - - - - 0.63 1.7
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Figure 7.4: Model prediction (⇁) and observed bromide (∆), E2 (•) and E1 (◦) concentrations
in the leachate samples from lysimeter L4 and in the soil samples from lysimeter
S4.
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Figure 7.5: Model prediction (⇁) and observed bromide (∆), E2 (•) and E1 (◦) concentrations
in the leachate samples from lysimeter L3 and in the soil samples from lysimeter
S2.
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Figure 7.6: Model prediction (⇁) and observed bromide (∆), E2 (•) and E1 (◦) concentrations
in the leachate samples from lysimeter L2 and in the soil samples from lysimeter
S3.
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Table 7.2: Model parameters for estrogen colloidal transport in lysimeters L2, L3, L4 using
the simpler approach with fewer adjustable parameters. The parameters for the
other processes (AD and macro) were similar to those in Table 7.1
Sol.-Proc. Fcol θm [-] Pe [-] (λ [m]) R[-] k [d−1] Fm[%] d[m]
L4
E2 - Col. 0.50 0.056 60 (0.012) 2.0 0.80 50 0.02
E1 - Col. 0.16 0.056 60 (0.012) 2.0 0.80 50 0.02
L3
E2 - Col. 0.60 0.100 30 (0.035) 2.1 0.36 80 0.02
E1 - Col. 0.60 0.050 60 (0.012) 2.1 0.36 80 0.02
L2
E2 - Col. 0.20 0.045 60 (0.012) 1.2 0.60 50 0.02
E1 - Col. 0.36 0.042 60 (0.012) 1.5 0.20 50 0.02
Two approaches to simulate estrogen colloidal transport were considered. In the first
approach, all the parameters used to model AD transport were similarly used to model
colloidal transport, but different values were attributed to them and a factor σ was added
to account for colloid straining. In the second approach, it was assumed that the colloids
could not enter the intra-aggregate immobile water phase, because of their size. Therefore
the a parameter was set to 0 and the fraction of mobile colloids (Fm,Col) was adjusted
between 0 and 100. This indirectly implies that the fraction of immobile colloids did not
go back into the mobile water fraction and this can be used as a way to account for colloid
straining. Therefore the parameter σ was not used in the second approach and unlike σ ,
straining in the second approach is not a process dependent on the travel distance. The
second approach reduced the number of adjustable parameters for colloidal transport from
8 to 7. In both approaches, by introducing the colloidal transport, FAD, calculated before
as 1-Fmacro, was reduced in favour of FCol , so that FAD +Fmacro +FCol = 1, Fmacro being
constant in one lysimeter. The values of the parameters adjusted for colloidal transport are
shown in Table 7.1 and in Table 7.2.
One of the reasons for the faster transport of colloids over inert solutes (e.g. bromide)
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is their size which restricts the volume of water that can participate in their transport.
Because of this size-exclusion effect, the volume of water participating in colloid transport
θm,Col is expected to be smaller than for bromide. Using any of the two approaches, θm,Col
was between 0.042 and 0.056 m3 m−3 for all lysimeters, except for E2 in lysimeter L3,
which had a θm,Col of 0.1 (see Table 7.1 and 7.2). In all cases, this represents an important
restriction on the water volume through which colloids could pass. The plugging of soil
pores with large particulate materials from the DFE might have further restricted the
accessibility of those pores to colloids and contributed to small θm,Col values. Smaller
dispersivities (λCol) and therefore larger Peclet numbers (PeCol) were necessary to fit the
estrogen BTCs (see Table 7.1 and 7.2). Because of size exclusion effects, the range of
soil pore sizes involved in colloidal transport was smaller and the dispersivity was indeed
expected to be smaller.
Colloid reversible attachment to the soil can delay their downward transport and can
be simulated using the retardation factor RCol . The adjusted RCol values ranged between
1.2 and 1.9 using the first approach and between 1.5 and 2 using the second approach, for
both hormones in the different lysimeters (see Table 7.1 and 7.2). The retardation factor
for colloids were close to unity, suggesting little interaction of the colloids with the soil, as
observed by Poulsen et al. [178]. Poulsen et al. [178] also observed tailing of the colloid
breakthrough curves, indicating a constant release of colloids to the mobile water phase. A
constant release of colloids into the mobile water phase can be explained by a transfer of
colloids from the immobile water phase controlled by the concentration gradient between
the two phases, as suggested by Poulsen et al. [178]. Colloid detachment from the soil
matrix, or erosion from the soil surface [152], as well as particle dispersion triggered by
an increase of soil pH or decrease of the soil solution ionic strength, can also explain
colloid release into the mobile phase [159]. In the first approach of the present model, this
constant release of colloids to the mobile water phase can be simulated by the transfer rate
aCol . Even though a transfer rate aCol of 2 m−1 was estimated from Poulsen et al. [178]
who measured an average (n=33) clay colloid transfer rate of 0.02 h−1 at a water flux of
10 mm h−1, a mass transfer rate of 5 m−1 was found to better fit the data (see Table 7.1).
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The extent of colloid straining depends on the size of the colloids, as well as on the size
of the soil pores [28]. The average travel distance of small colloids is expected to be larger
than the average travel distance of large colloids. The probability for colloids of a specific
size to be strained increases with the travel distance. Therefore, in the first approach of the
present model, straining was set as an exponential function proportional to the distance of
travel. The straining coefficient σ , adjusted on the data, varied from 2.3 to 5.4 m−1 and
was constant within one lysimeter (see Table 7.1). The presence of preferential/macropore
flows in some lysimeters, would lead to a decreasing straining effect and might explain the
smaller σ values in lysimeter L2 and L3 in comparison with lysimeter L4.
Little is known about the degradation of estrogens associated with colloids. By
adjusting the degradation coefficients k1 and k2 using both approaches, it was observed
that the degradation of both estrone and 17β -estradiol were reduced when they were
associated with colloids (see Table 7.1 and 7.2). The faster transport of colloids might have
reduced estrogen availability to microbes and explain the lower degradation rates [86]. In
order to explain the estrogen concentrations observed deep into the vadose zone, Arnon et
al. [13] also assumed that the estrogen degradations were limited at the soil subsurface.
Even though E2 and E1 degradation rates were similar, E2 degradation was contributing
to E1 concentration (see Appendix A.9). The uncertainty around the estimation of k1 and
k2 is important because of a lack of information.
Because the leachates were filtered through a 1.2 µm pore size filter, estrogens
associated with colloids or particulate material larger than 1.2 µm were not accounted for.
However, smaller particles are expected to play a more important role in the binding of
contaminants, because small particles have a larger surface area to volume ratio [152]. In
the filtered leachate, the colloids, larger than 6 nm or having hydrophobic properties are
expected to have been retained by the octadecyl (17% C) silica bed of the SPE cartridge.
However the elution efficiency of estrogen associated with colloids from the SPE cartridge
with acetone is unknown. In the model, the colloid-associated estrogen loss due to
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filtration or elution was implicitly accounted for by the Fcol , σ or κ parameters, depending
on the transport process considered.
7.3.7 Model application to the estrogen soil concentrations
The estrogen concentrations in the soil over time at two different observation depths,
5-10 cm and 30-35 cm were simulated using the parameters adjusted to describe estrogen
leachate concentrations (see Table 7.1). The simulated and observed estrogen soil BTCs
are shown in Figure 7.4 to 7.6. The colloidal enhanced transport parameters adjusted using
the second approach without the parameters σ and a were also tested to simulate estrogen
concentrations in soil (see Table 7.2) and the results are shown in Appendix A.8.
The calculated R2 values (not shown) were close to or below zero, as a result
of relatively poor matches between the predicted and observed values on the y axis.
Several factors contributed to the poor fit between measured and predicted data. The
non-exhaustive soil sampling method (see Section 6.3.1), the small number of samples
over time, the low concentrations (sometimes lower than the maximum soil background
concentrations) and the analytical error were responsible for a certain degree of uncer-
tainty on the measured concentrations. Moreover the lysimeters used to optimise the
parameters were different from the lysimeters in which the soil estrogen concentra-
tions were measured (see Section 7.2.4). The intrinsic variability between lysimeters
has been highlighted by comparing the bromide BTC of the L and S lysimeters (see
Figure 7.2). In most cases, the breakthrough at 5-10 cm and 30-35 cm are due to
colloidal transport, and the large uncertainty around the parameters for colloidal trans-
port also contributed to uncertainty in the predictions of estrogen concentrations in the soil.
Using the parameters of Table 7.2, without the σ and a parameters, the model predicted
as well, or sometimes better, the estrogen concentrations in the leachate, but failed to
better predict the estrogen concentrations in the soil (see Appendix A.8). This indicates
that straining and kinetic attachment of the colloids, or constant release of colloids in the
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mobile phase, are important factors to predict estrogen concentrations along the soil profile.
Using the model, the distribution of estrogens down the soil profile at different time
steps can be predicted. The estrogen distribution in the soil over time were reconstituted
for E2 in two different lysimeters, using the adjusted parameters from Table 7.1 and
presented in Appendix A.11. The predicted estrogen distributions in the soil are very
different in the two lysimeters because the processes governing estrogen fate and transport
in each lysimeter are different.
7.3.8 Model evaluation
Sensitivity analysis
Figure A.20 in Appendix A.12 shows the influence of each transport parameter (see Table
A.2 for the initial parameters used) on a BTC when no sorption or degradation takes place.
It appears that the parameters d and a influence the BTC shape and amplitude but are less
sensitive, in this case, than the other parameters θm, Pe, θ and Fm/Fim. The less sensitive a
parameter, the more difficult its precise adjustment.
Figures A.21 and A.22 in Appendix A.12 illustrate how each parameter influences
the BTC shape and amplitude when sorption and degradation take place, using a set of
parameter values close to what was found in lysimeters L2 to L4 (see Table A.3). It
appears that most of the AD parameters have a small impact on the overall BTC even
though each of the two processes contributed to half of the overall transport (FAD =
Fcol = 0.5). The main reason for that is the high kAD (degradation) and RAD (sorption)
values, which suppress most of the signal caused by advection-dispersion transport at that
observation depth (70 cm). Concerning the colloidal transport process, it can be seen
that θm,R, k and σ have larger impacts on the BTC shape and amplitude. When different
parameters affect the BTC shape the same way, e.g. k, σ and Fcol or R and θm, it is difficult
to optimise each of those factors by inverse fitting procedures. The parameter d seems to
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have a larger influence on the AD transport process than in the colloidal transport process,
whereas the parameter a has a larger influence on the colloidal transport process and less
on the AD transport process. This is because d impacts the initial mass distribution, which
is proportional to the mobile mass, whereas a dictates the input concentration (Cin), which
is proportional to the immobile mass, and the AD transport process has a larger mobile
mass fraction, due to the larger mobile water fraction (θm) and the colloidal transport
process has a larger immobile mass fraction. As expected, the two parameters governing
preferential flow, Fmacro and κ have a very straightforward impact on the amplitude of the
first peak concentration before c. 0.1 PV (data not shown).
Model uncertainty
The coefficient of determination (R2) gives an indication of how well the model describes
the data. Because the bromide BTCs were used to optimise the model parameters, the
R2 for those BTCs were close to 1. The R2 values for the estrogen BTC in the leachate
were usually lower, varying between 0.78 and 0.99, even though the introduced colloidal
transport process has relatively few constraints. However it is important to highlight the
fact that, in the present experiment, because the parameters were fitted by visually com-
paring the observed data with the model response, more importance was given to the data
points describing estrogen peak concentrations. Because relatively few data points were
describing the estrogen peak concentrations, unless a weight relative to the concentration
was attributed to each data point, a fitting procedure based on the minimisation of the
residuals (sum of squares of the errors) would have led to a good fit on most of the low
concentrations but would have failed to describe the peak concentrations. Therefore the
coefficient of determination R2 was not optimised, while adjusting the estrogen transport
parameters. Another way of judging the success of time-series model predictions is to
evaluate the proportion of simulated values that lie within a certain factor (typically 2 to 5)
of the measured values [132]. However, due to the relatively few data points, this approach
was not chosen.
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Figure 7.7: Average residuals at each sampling time for estrogens in the leachate at 70 cm
depth (a) and in the soil (b). The error bars represent the standard error of the
mean.
The match between the predicted and observed concentrations in the soil were expected
to be less straightforward, as discussed in Section 7.3.7. The negative R2 values translate
the fact that the model varies a lot more than the data (see Eq. 7.26). Because of the
smaller number of data points, an important peak concentration might have been easily
missed. Moreover even if a peak concentration is described by the model, a small shift on
the x axis can lead to large residual on the y axis.
Appendix A.10 shows that the bromide residuals can be considered as normally
distributed around 0. This suggests that the model was in a good agreement with the data.
Similar analysis of the residuals from the modelling of the estrogen leachate concentrations
shows that the residuals are not normally distributed and that the predicted concentrations
more often underestimate the observed concentrations. As discussed above, the visual
fitting procedure is probably responsible for the residuals not to be normally distributed.
The analysis of the average residuals at each sampling time for the leachate and
soil data (see Figure 7.7) indicates that the model predictions tended to overestimate
the observed data in the first part of the BTC and underestimate the observed data after
30 days. The model underestimation in the second part of the curve can be caused by
the assumption that estrogens are subjected to a linear degradation over time. In reality
estrogen degradation rates might decrease over time or with lower concentrations, as
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suggested in Chapter 5. An overestimation of the a parameter might also contribute to a
reduce tailing effect of the predicted BTCs.
As the Peclet number (Pe) not only allows for an adjustment of the dispersivity, but
also defines the thickness of each cell n for which a BTC is calculated, and because the
model is discrete, a lower Peclet number results in thicker cells and less predictions per
column distance, as illustrated in Appendix A.13. However, this did not significantly affect
the results in the present experiment, because most of the signal was due to colloidal and
preferential/macropore flow transport processes usually described by high Peclet numbers.
Even though tools are being developed to help choose the right methodology to carry
out a model uncertainty analysis [169] and even though the awareness about the impor-
tance of uncertainty analysis is increasing in the modelling community, few studies are
accompanied with such an analysis probably because of their complexity [168]. This type
of analysis is going beyond the scope of the present study and will become possible only
once the present model has been refined and tested to enable risk assessment.
7.3.9 Model predictions
The model might be used to perform a rough estimation of the expected concentrations of
estrogens leaching in the field, at shallow depths, following application of DFE containing
typical concentrations of estrogens. The conditions under which the predictions were
made are summarised in Figure 7.8. It was assumed that the occurrence of the transport
processes in lysimeter L1 to L4 were representative of what happens in the field. Therefore,
it was assumed that in 25% of the soil volume, the major solute transport processes were
matrix flow and colloidal transport, as in lysimeter L4. In another 50% of the soil volume,
it was assumed that the governing transport processes were preferential/macropore flow
and bypass flow, with some colloidal transport as in lysimeter L2 and L3. And it was
also assumed that the last 25% of the soil surface was sealed, typically because of cattle
trampling or rainfall impact, therefore leading to no leaching of DFE at all. The same
irrigation volume as used during the transport experiment was used (see Figure 6.2) and
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Figure 7.8: Schematic representation of the conditions used to predict concentration under
realistic field conditions
corresponds to an average of 123 mm of rain or irrigation per month. Initial concentrations
of 300 ng l−1 E2 and 3000 ng l−1 E1 were used for the prediction because they correspond
to the maximum reported concentrations of each hormone in DFE from New Zealand
dairy farms [194].
The degradation of the estrogens in the collecting vessel, described by the κ parameter,
was accounted for in this estimation, assuming that the estrogen degradation by the DFE
bacteria would also take place in the soil. However estrogen degradation by DFE bacteria
might be faster in the collecting vessel than in the soil. Figure 7.9 shows the predicted
estrogen BTCs in the leachate at 0.3, 0.7 and 1.0 m soil depth. The total output estrogen
concentrations predicted by the model have been reported in Figure 7.9 by accounting for
the relative potency of each hormone, as follow:
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[17β − estradiol]
1
+
[estrone]
3
< PNEC (1 ng l−1) (7.29)
and the output concentrations should not exceed the predicted-no-effect-concentration
(PNEC) of 1 ng l−1, according to the Environmental Agency [246]. In this prediction,
the total estrogen output concentrations are above 1 ng l−1, even at 1.0 m soil depth and
are caused by a combination of colloidal enhanced transport and preferential/macropore
flow pathways. Similar predictions made only under matrix flow, with colloidal enhanced
transport, but no significant preferential/macropore flow, show that the total maximum
estrogen output concentration already reach the PNEC (1 ng l−1) at 70 cm soil depth.
Using this model adapted for prediction in the soil subsurface, it is difficult to predict
leaching further down the soil profile. Under the conditions used for this prediction, it is
unlikely however that DFE application would threaten the water quality at the water table
level estimated in Canterbury at 7-11 m depth [24].
However, this type of prediction has to be treated with great caution. The prediction is
based on the parameters estimated in only 4 lysimeters and sometimes on a single point
peak concentration, typically for estrone in lysimeter L3. An error in this data point for
example can have dramatic effects on the prediction. More generally, the model has a
certain number of weaknesses, as highlighted in the next Section, and cannot be used for
sound predictions before the model is further validated.
7.4 Conclusions and Perspectives
The inverse-modelling of the data obtained in Chapter 6 shows that almost the entire
estrogen mass leached after c. 0.1 PV of cumulative drainage can be attributed to colloidal
transport and the mass leached before c. 0.1 PV to the transport by preferential/macropore
flow. When the experiment was designed, the importance of estrogen colloidal transport
was largely unknown and consequently the key factors necessary to predict estrogen
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colloidal transport were not available. Therefore estimations based on data from the
literature were used, but great uncertainty exists around most of the parameter values
used to predict estrogen colloidal transport. Moreover the relatively large number of
adjustable parameters makes the model very flexible, but also makes the adjustment of the
parameters more difficult. The use of a colloidal tracer, in parallel with the bromide tracer,
could be useful in future studies to overcome the uncertainty surrounding the colloidal
transport parameters. In order to better understand the role of colloids in the transport of
estrogens, the amount of estrogens associated with the colloids should be determined, as
well as the proportion of applied colloids recovered in the leachate. The fractionation of
colloids by cross-flow ultra-filtration [138] into different size/type classes would allow a
better understanding of which size/type of colloids the estrogens are associated with and
which type of colloids participate most in their transport through the soil. The analytical
method used to quantify estrogens in the leachate/soil might also need to be altered, to
better account for estrogen associated with colloids, possibly by modifying the filtration
step and/or by proceeding to the extraction of the colloid-associated estrogens before SPE
extraction.
Another aspect of the model that could be improved is to establish a connection
between the different transport processes, which, in this model, run in parallel with no
interaction with each other. Typically the role of macropore flow after day 2 was ignored in
the present model, but might contribute to some solute transport, as some colloids/solutes
might enter this pathways at any time. The uncertainty associated with the degradation
of estrogens in the collecting vessel could be overcome by increasing the number of
sampling events within the two first days. Moreover, in the present model, the parameters
are considered as constant throughout the soil profile and with time, which is certainly
an over simplification. Improved predictions could possibly be obtained by introducing
non linear degradation and by measuring the soil moisture content along the soil profile
during the period of the experiment, probably using TDR probes on separate lysimeters
receiving the same treatments and volume of irrigation. The model would also need to be
adapted to multiple estrogen applications. Because of the inherent heterogeneity of natural
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undisturbed soil cores, more data on a larger number of lysimeters are necessary to find
a single average set of parameters describing estrogen transport in the Templeton soil. In
order to assess the capacity of the model to predict estrogen concentrations at different
soil depths, more soil samples would be needed per sampling time. Destructive sampling
of the whole soil core before all the estrogens are degraded might be another option to
improve the determination of estrogen in soil over time and along the soil profile.
The manual fitting procedure of the model parameters has limitations, especially when
a large number of parameters are involved. With increased confidence in the measured
soil concentrations, fitting procedure coupling the optimisation of the concentrations at
all depths simultaneously could be a useful tool. Alternatively, an optimisation procedure
using weighted residuals could be of help.
The capacity of this model to predict transport of estrogens in the soil at environmen-
tally relevant concentrations need to be further validated, because many of the processes
involved might not be linearly correlated with the concentration and downscaling the
model might not necessarily be straightforward. If environmentally meaningful concentra-
tions are considered, the conjugated estrogens in the effluent might become an additional
source of estrogens, to be accounted for, probably through the cin parameter. The
concentrations of estrogen used for this experiment were 3 to 4 orders of magnitude higher
than the natural estrogen concentrations in dairy farm effluent, however the concentrations
applied could correspond to the load of estrogen applied by a cow during one urination
event. Considering that a pregnant cow can excrete up to 104 mg of estrogens per day in
urine, for an average cow weighting 640 kg [83], and assuming that a cow produces around
20 l of urine per day [91], an average estrogens concentration in urine of 5.2 mg l−1 can
be calculated. Assuming that on average a cow disposes of 2 l of urine at a time [91] on
a soil surface of 25 x 25 cm, 160 mg m−2 of estrogens are applied. This concentration
is of the same order of magnitude as the total estrogen concentration of 257 mg m−2
applied in this experiment. However, even though it has been shown recently that estrogen
application with urine also enhances estrogen leaching [144], it might not be for the same
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reasons and therefore a direct application of the model under such conditions has to be
done cautiously.
In the long-term and with some improvements, this model could be used to predict the
amount of estrogens leached at a specific soil depth, following field application of dairy
farm effluent. The present model, adapted from a mixing-cell model by Bidwell [22, 23],
is the first model describing estrogen transport under transient flow. A term to account
for the unstable nature of estrogens and for the degradation of 17β -estradiol into estrone
was introduced in the model. The necessary parameters to account for colloidal transport
of estrogens, that has often been suggested, but never modelled before, have also been
introduced in this model. Modelling of estrogen colloidal transport appears to be the next
step that should be taken by future researchers to explain the leaching of estrogens deep
into the vadose zone, which cannot be explained by advection-dispersion and unlikely
by preferential/macropore, as recently proven by Arnon et al. [13]. The adjustment of
the model parameters using the data obtained from the estrogen transport experiment,
highlighted the importance of estrogen sorption and degradation, as well as the potential
importance of colloidal transport. Even though the parameters associated with estrogen
colloidal transport obtained in this experiment might be surrounded by a great uncertainty,
the presented model is a useful tool for further research.
Chapter 8
Conclusions and Perspectives
8.1 Summary of the context of the study
Endocrine disrupting chemicals (EDCs) have been identified as a threat for the envi-
ronment throughout the world, especially towards aquatic organisms. One source of
environmental contamination by EDCs is the application of animal waste on land. In
New Zealand, the dairy industry is expanding and this is producing an increasing volume
of dairy farm effluent requiring disposal. The application of DFE on land is encouraged
and regulated based on the nutrient content, but not regarding the EDCs load. Soil and
groundwater contamination by estrogens from waste applied on land has been observed
overseas, but the processes that govern the fate of estrogens in soil is still poorly under-
stood. Therefore, further research is required to improve our understanding of the fate and
transport of estrogens in the soil, under natural field conditions following waste application.
8.2 Key findings
8.2.1 Methods
The first objective was to optimise the extraction of 17β -estradiol and estrone from the
Templeton soil, using a sonication and shaking method, to achieve optimised detection and
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quantification of estrogens in soil samples.
• The optimisation of the extraction method showed that the best extraction recovery
of E1 and E2 from a spiked and aged soil was obtained using a mixture of iso-
propanol/water (1:1). Extraction of estrogens with isopropanol/water has not been
reported before and was the best solvent out of five solvents or solvent mixtures
tested, most of which have been previously used to extract estrogens.
• It was also observed that shaking the samples after sonication, as well as increasing
the number of sonication repetitions and the volume of solvent, improved the estro-
gen recovery from spiked and aged soil. A ranking system was proposed for an easier
decision of the optimised conditions to use, according to experimental requirements.
• The overall recovery of the method used to extract, clean-up and analyse estrogens
from freshly spiked soil was 47 ± 2% for 17β -estradiol and 80 ± 5% for estrone,
for a range of spiking concentrations.
8.2.2 Dissipation
The second objective was to determine, in the laboratory, the dissipation rate of 17β -
estradiol and estrone in the Templeton soil, under controlled conditions similar to those
in the field during winter.
• The microcosm dissipation experiment showed that estrogens dissipated rapidly with
half-life values of 0.6-0.8 d for E1 and 0.3-0.4 d for E2, for the two soil depths studied
(5-10 cm and 30-35 cm). E2 half-life was smaller in the top layer than in the bottom
layer, but no difference was observed for E1 between the two soil layers. These
half-life values were within the range of half-life values reported in the literature.
• It was also shown that estrogen dissipation in the Templeton soil slowed down with
time and therefore deviated from a simple exponential model. It was suggested that
the deviation was due to a decreased availability of the compounds over time asso-
ciated with ageing. Thus an availability-adjusted model by Xuan et al. [241] was
applied to the data of the present study.
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• It was also found that most of the dissipation during the first 2 days was likely to have
been caused by degradation and not by the formation of bound residues, because the
transient peak of the daughter product (E1) was well described by the degradation of
the parent compound (E2).
8.2.3 Transport and modelling
The third objective was to carry out a transport experiment in order to determine the main
processes involved in the transport of 17β -estradiol and estrone when applied within dairy
farm effluent onto soil lysimeters under winter field conditions. The fourth objective was
to build an estrogen transport model to describe estrogen dissipation and transport in soil.
• Under conditions involving preferential/macropore flow pathways, the transport ex-
periment showed that 0.3-0.7% of E2 and 8-13% of E1 was recovered in the leachate
at 70 cm soil depth, after 92 days, and that 1-7% of the recovered E2 and 3-54% of
the recovered E1 was leached within 2 days of application. These results suggest
that estrogen leaching via preferential/macropore pathways is of greatest concern for
soil and groundwater contamination.
• In the absence of preferential/macropore flow pathways, 0.004-0.06% of E2 and
0.008-0.05% of E1 was recovered after 92 days and most of it within the first month
of leaching. These small recoveries were attributed to the significant sorption and
degradation of estrogens in the soil.
• It was also shown that the estrogens reached the bottom of the lysimeter at 70 cm
depth earlier than an inert tracer (bromide). Three hypotheses were formulated and
tested to explain this phenomenon. The hypothesis that was supported by the inverse-
modelling of the data was that estrogens were subjected to a colloidal enhanced
transport.
• A model was adapted from an existing mixing-cell model and developed further
to take into account three transport processes, namely, advection-dispersion, pref-
erential/macropore flow and colloidal enhanced transport. This model allows the
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description of estrogen transport under transient flow conditions and accounts for
the degradation of E2 into E1. The model suggests that at typical dairy farm ef-
fluent concentrations there is little risk of estrogen leaching, except when preferen-
tial/macropore flow occurs. However colloidal transport can increase the risk of
estrogen leaching.
8.3 Recommendations for future research
In addition to 17β -estradiol and estrone, cattle waste contain an important proportion
of 17α-estradiol. Little is known about 17α-estradiol and very few studies had so far
included it, but it is known that 17α-estradiol can be converted into E2 and E1. Thus
more research is needed to understand the fate, transport and contribution of 17α-estradiol
in the environment. Similarly, estrogens are primarily excreted as less potent estrogen
conjugates in dairy waste. Estrogen conjugates can also contribute to free E1 and E2 after
deconjugation. A sound risk assessment for estrogen groundwater contamination with
DFE at environmentally relevant concentrations will therefore not be possible without
including the contribution of 17α-estradiol and estrogen conjugates.
Chemical analysis of E2 and E1 by GC-MS, carried out in the present study, required
extensive sample manipulation, which increases the risk of analytical error and limits
the number of samples that can be processed over the period of a study. It is therefore
recommended that further studies focus on the development of fully automated chro-
matography methods [233] for sample extracts from complex matrices, like soil and DFE.
Alternatively, further studies should optimise the use of liquid-chromatography mass
spectrometry [18] and biosensors [188], which are sensitive and do not require sample
extract derivatisation, for the analysis of sample extracts from complex matrices.
In the microcosm experiment, by applying E1 and E2 in a pure solution, the impact
of DFE on the dissipation rates was completely ignored. Further studies should therefore
determine the dissipation of estrogens in soil microcosms, when they are applied in a
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matrix composed of a range of different DFE/water ratios. Moreover, if the fate and
transport model is extended to a larger range of field conditions, the dissipation rates of E2
and E1 under drier and warmer soil conditions will also need to be determined.
In terms of understanding the processes involved in the transport of estrone and
17β -estradiol, the colloidal enhanced transport of estrogens needs to be confirmed and
better characterised, above all by determining the proportion of estrogens bound to
colloids in the leachate (see Section 7.4). The amount of colloids and dissolved organic
matter (DOM) in the DFE needs to be quantified, and the presence of other compounds in
the DFE that could be responsible for an enhanced transport of estrogens, like surfactants,
should be investigated. In order to use the transport model presented in this study for
groundwater contamination risk assessment, the model needs to be tested and adapted for
lower input concentrations and repetitive applications of DFE. This model would also need
to account for the changes of physical, chemical and biological soil properties associated
with the long term application of DFE on the soil [29, 159].
8.4 Perspectives
The fate and transport of estrogens in soil, applied in cow urine, should be studied
in order to assess the risk associated with the direct estrogen input from the grazing
animals. During one cow urination event, the load of estrogens applied can be important
and could potentially lead to significant groundwater contamination in the presence of
preferential/macropore flow pathways.
It has been previously reported that irrigation with wastewater containing estrogens
increased the level of phytoestrogens in alfalfa (Medicago sativa) to a level threatening the
fertility of cattle [203]. Unlike alfalfa, white clover (Trifolium repens), typically present
in New Zealand pastures, naturally contains small quantities of estrogenic phytoestrogens
[189] and therefore an accumulation of phytoestrogens, triggered by the addition of ex-
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ternal estrogens, is less likely to reach concentrations in white clover as high as in alfalfa.
It would nonetheless be interesting to determine if the long-term application of DFE on
white-clover pasture increases its phytoestrogen content level and if the phytoestrogen level
of the pasture impacts on cattle health and milk quality. Cow milk naturally contains low
levels of estrogens and phytoestrogens, but some studies suggest that the concentrations of
phytoestrogens in the milk is dependent on the level of phytoestrogens in the pasture [212].
In the present study, the transport experiment was carried out to understand the
transport mechanisms of estrogens in soil. To do so, DFE was spiked with estrogens to
concentrations much higher than would be expected in real DFE. Therefore the next step
to be taken is to conduct similar experiments at environmentally relevant concentrations
using, for example, radio-labelled estrogens which can be detected at much lower
concentrations. Moreover it would be worthwhile determining the presence of others
EDCs in DFE which might have antagonistic, additive or synergistic effects with E1 and
E2. Similar fate and transport experiments should also be expanded to other types of
soils, especially to pasture soils demonstrating potential for macropore/preferential flow
pathways, and which are present in regions where DFE is applied on the land. Eventually,
it would be useful to determine if the storage of DFE in aerated storage ponds could
reduce the estrogen load in the DFE. If the DFE estrogen concentration can be reduced
to minimum concentrations within a reasonable time, such practice could resolve the
issue associated with potential groundwater contamination with E1 and E2 applied in DFE.
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Appendix A
Appendices
A.1 Calculation of errors
The DT50 value for the exponential model and for the availability-adjusted model were
calculated using Eq. A.1 and A.2, respectively:
∆DT50 =− ln(2)k2 ∆k (A.1)
∆DT50 =
ln(1− ln(2) ak′′ )
a2
+
ln(2)
a ln(1− ln(2) ak′′ )k′′
(A.2)
To calculate the error of the a/k′′ ratio, the following Equation has been used:
∆(a/k′′)
a/k′′
=
∆a
a
+
∆k′′
k′′
(A.3)
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A.2 The Templeton soil description
Figure A.1: The Templeton soil properties from [6] - Pedology
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Figure A.2: The Templeton soil properties from [6] - Soil physics and engineering
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Figure A.3: The Templeton soil properties from [6] - Sand mineralogy
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Figure A.4: The Templeton soil properties from [6] - Soil chemistry
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Figure A.5: The Templeton soil properties from [6] - Clay mineralogy and spectrographic
analysis
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A.3 Optimisation of the extraction factors
Table A.1: Index calculation for different set of weights for the three parameters considered
(recovery, solvent volume and time).
weight 1x sonic 2x sonic 3x sonic 1x sonic+shaking 2x sonic+shaking 3x sonic+shaking
wr / ws / wt Ia Ib Ic Id Ie I f
1 / 1 / 1 1.00 1.26 1.42 0.80 1.31 2.00
2 / 1 / 1 2.00 1.94 1.66 1.32 1.48 2.00
3 / 1 / 1 3.00 2.61 1.90 1.84 1.66 2.00
4 / 1 / 1 4.00 3.29 2.13 2.37 1.83 2.00
5 / 1 / 1 5.00 3.96 2.37 2.89 2.00 2.00
6 / 1 / 1 6.00 4.63 2.61 3.41 2.18 2.00
7 / 1 / 1 7.00 5.31 2.85 3.94 2.35 2.00
8 / 1 / 1 8.00 5.98 3.09 4.46 2.52 2.00
9 / 1 / 1 9.00 6.66 3.33 .98 2.70 2.00
10 / 1 / 1 10.00 7.33 3.56 5.51 2.87 2.00
1 / 2 / 1 1.00 1.76 2.42 0.80 1.81 3.00
2 / 2 / 1 2.00 2.44 2.66 1.32 1.98 3.00
3 / 2 / 1 3.00 3.11 2.90 1.84 2.16 3.00
4 / 2 / 1 4.00 3.79 3.13 2.37 2.33 3.00
5 / 2 / 1 5.00 4.46 3.37 2.89 2.50 3.00
6 / 2 / 1 6.00 5.13 3.61 3.41 2.68 3.00
7 / 2 / 1 7.00 5.81 3.85 3.94 2.85 3.00
8 / 2 / 1 8.00 6.48 4.09 4.46 3.02 3.00
9 / 2 / 1 9.00 7.16 4.33 4.98 3.20 3.00
1 / 4 / 1 1.00 2.76 4.42 0.80 2.81 5.00
2 / 4 /1 2.00 3.44 4.66 1.32 2.98 5.00
3 / 4 /1 3.00 4.11 4.90 1.84 3.16 5.00
4 / 4 /1 4.00 4.79 5.13 2.37 3.33 5.00
5 / 4 /1 5.00 5.46 5.37 2.89 3.50 5.00
6 / 4 /1 6.00 6.13 5.61 3.41 3.68 5.00
7 / 4 /1 7.00 6.81 5.85 3.94 3.85 5.00
8 / 4 /1 8.00 7.48 6.09 4.46 4.02 5.00
9 / 4 /1 9.00 8.16 6.33 4.98 4.20 5.00
1 / 1 / 2 1.00 1.36 1.60 1.07 1.95 3.00
2 / 1 / 2 2.00 2.03 1.84 1.59 2.12 3.00
3 / 1 / 2 3.00 2.70 2.08 2.12 2.29 3.00
4 / 1 / 2 4.00 3.38 2.32 2.64 2.47 3.00
5 / 1 / 2 5.00 4.05 2.55 3.16 2.64 3.00
6 / 1 / 2 6.00 4.73 2.79 3.69 2.81 3.00
7 / 1 / 2 7.00 5.40 3.03 4.21 2.99 3.00
8 / 1 / 2 8.00 6.07 3.27 4.73 3.16 3.00
9 / 1 / 2 9.00 6.75 3.51 5.26 3.33 3.00
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A.4 E2 and d4-E1 dissipation data
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Figure A.6: Dissipation data of d4-E1 over 92 days
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Figure A.7: Dissipation data of E2 over 92 days
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A.5 Lysimeter soil temperatures
2D Graph 1
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Figure A.8: Soil temperatures measured at various soil depths on separate lysimeters during
the estrogen transport experiment.
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A.6 Estrone quantification in the leachate
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Figure A.9: Estrone BTCs for lysimeter L2, L3 and L4 have not the same amplitudes, but
have similar shapes when quantified using the ISTD d4-E2 or d4-E1.
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A.7 Transport experiment average bromide and estrogen
BTCs
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Figure A.10: Average relative bromide concentrations in the leachate collected at 70 cm soil
depth of 16 lysimeters plotted over the cumulative volume of drainage [l]. Error
bars denote the standard error of the mean.
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Figure A.11: Average bromide, estrone and 17β -estradiol breakthrough curves from lysime-
ters L2, L3 and L4. Error bars represent the standard error of the mean.
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Figure A.12: Individual bromide BTCs from the lysimeters used for leachate sampling during
the estrogen transport experiment.
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Figure A.13: Individual bromide BTCs from the lysimeters used for soil sampling during the
estrogen transport experiment.
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A.8 Modelling results using a reduced number of param-
eters
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Figure A.14: Model fits in lysimeters L4 and S4 using the “second approach” with a reduced
number of parameters.
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Figure A.15: Model fits in lysimeters L3 and S2 using the “second approach” with a reduced
number of parameters.
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Figure A.16: Model fits in lysimeters L2 and S3 using the “second approach” with a reduced
number of parameters.
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A.9 Contribution of E2 to E1
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Figure A.17: Concentrations of estrone and 17β -estradiol over time for a common dissipation
rate of 0.25 d−1.
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A.10 Residual analysis
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Figure A.18: Distribution of the residuals for the estrogens (a) and for bromide (b) in the
leachate.
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A.11 Estrogen distribution throughout the soil profile
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Figure A.19: E2 predicted concentration distribution throughout the soil profile at different
time steps for two different lysimeters.
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A.12 Sensitivity analysis
Table A.2: Initial parameters used for the sensitivity analysis, without sorption and degrada-
tion.
FAD θm Pe R Initial mass a [m−1] d [m] k [d−1] σ [d−1]
[kg ha−1]
AD 1 0.28 10 1 1.37 5 0.10 0 -
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Figure A.20: Sensitivity of the model response to the decrease or increase of 5, 10 and 15% of
one of the parameter from the initial values given in Table A.3. The observation
depth is 70 cm.
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Table A.3: Initial parameters used for sensitivity analysis, when sorption and degradation
occur.
F θm Pe R Initial mass a [m−1] d [m] k [d−1] σ [d−1]
[kg ha−1]
AD 0.5 0.28 12 13 1.37 3 0.10 1.00 -
Col. 0.5 0.05 60 2 1.37 5 0.02 0.25 4
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Figure A.21: Sensitivity of the model response to the decrease or increase of 5, 10 and 15% of
one of the parameter from the initial values given in Table A.3. The observation
depth is 70 cm.
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Figure A.22: Sensitivity of the model response to the decrease or increase of 5, 10 and 15% of
one of the parameter from the initial values given in Table A.3. The observation
depth is 70 cm.
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Figure A.23: Sensitivity of the model response to the decrease or increase of 5, 10 and 15% of
one of the parameter from the initial values given in Table A.3. The observation
depth is 70 cm.
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A.13 Effect of the Peclet number on model cell thickness
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Figure A.24: Impact of Pe on the number of predictions calculated per column distance.
